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SECTION A
INTRODUCTION

Th’e. inferest of the principal investigator (P.[.) in problems of space electrophoresis
originated with his participation in the Universities Space Résen;:rch Association's Committee
on Elecirophcresis, This Co_n;nmii'fee had assumed o major responsibility for the planning of
the Electrophoresis expel;imenf in the Apollo 16 missioﬁ. From the meetings of the Committee,
and several other meetings that the P.|. attended, it became obvious that gravity plays a
major role in electrophoresis, severely limiting its application to the separation of living cells.
These meetings defined the objectives of the NASA program, namely the development of a
zero-gravity electrophoresis facility, primarily for the separation of living cells, with a second—
ary emphasis on proteins. This objective oppeared eminently worthwhile on the basis of its
potential scienﬁFié, medical, social and economic impact.

While the obiectives of the program could therefore be clearly mecified, the means to at-
“tain it were less apparent, Electrophoresis is not a single technique, but has evolved into a
family of allied techniqqes, each utilizing specific apparatus and methédolpgy, ana each
having equally qualified and vociferous advocates. No consensus could be reached as fo the
- optimum technique, apparatus, etc., for the space program. Part of the reason is that elec-

* trophoresis has evolved ‘Cll?gely as a result of efforts of biochemists; who may have been skilled
gadgeteers and experimenfdlis_ts, but who paid relatively little attention to fundamentals of
theory or optimization of engineering design. It is most significant that electrophoresis has
largely escaped the attention of physiéisfs and engineers,

| The obiec.'rive olf the contract was to remedy this shortcoming, and bring together o group
of physicists, engineers, and experimentalists, who could attempt fﬁ obtain a greater insight

into the fundamentals of the electrophoretic process. To initiate the research program, a
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serfes of informal se’mi‘nars wer.e held at the University of A'rlizonolunder the joint sponsorsl'ﬂip
of the Departments of Physics, Aérospuce and Mechan‘ical Engineering, and Optical Sciences,
in which the general prqblems of electrophoresis wex;e reviewed in depth. These seminars
started before the granting of the coniract, and helped to identify those University scientists
having an interest in the program. Thus, from its inception, the program had the benefit of
the participation of several individuals not mentioned in the report, and not paid by thg con-
tract.

. As aresult, a working group of physical scientists has been brought together which is
probab[yn unique in the annals of eléctrophoresis, comprising fheoreﬁcal physicists, engineers
and experimentalists. The theoretical group, led by Dr, M. O, Scully, Professor, Depart-
ments of Physics and Optical Sciences, included Prof. T. W. Nee, and Drs, G. T. Moore,
and H.5.T. Shih, as well as other members of his team. The engineering group was initially
led by Br. M, Bottacini, who was replaced because of a sabbatical leave by Prof. M. Coxon
| of the Department of Aerospace and Mechanical Engineering, with his associate, Mr. M. J,
Binder, a graduate student, whose doctoral work willl be based on work carried out for this
contraci. The experimental program is headed by the P.I ., whose wark in preparative elec-
trophoresis spans more than twenty years. Most important for the success of the work has
been the recruitment of Mr. J.O N, Hinckley, a British biochemist, who has been active
in the ficld of isotachophoresis since 1968, when he participated with Prof, A,J.P. Martin,

o Nobel Laureate, in the modern rediscovery of isdfdchophoresis. He was joined in the ex-
perimental work by Mr. A.J K. Smolka, who has also been active in preparative electrophoresis
for several years, Each group has worked relatively independently, with frequent seminar-like
meetings, to correlate and organize the overé!l effort, Prof._ J.Q. Kessler of the Physics

Deparfmenf_hc:s taken an independent active interest in our work, and his contribution was
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most valuable,

Thés_e seminars played an important role in the development of the research work. Rather
than sﬁmiﬁarizing' the topics covered, a reprint i§ included as Appendix 1, giving an up-to-
date survey of elgctrophoresis by the P.1. This reprint hqs no mention of isotachophoresis,
which at the time of writing was still in its infancy. Isotachophoresis, nevertheless, became
an important subiec’r of the seminars, and constituted a major part of further work.

The reason for this is that isotuchophoresié seems to be particularly attractive as o can-
didate for the zero gravity facility. This was repeatedly e!mphcsized by the P.l. at the meet-
© ings. of the tommirtée on Electrophoresis, and also in several letters and fepori's to NASA,

It has also been discussed in greater detail in a paper presented at the AIAA 12th <Aerospace
Sciences Meeting (Appendix I1) . The potential adventages of isota:;hophoresis became par-
ticularly apparent when the results of the Apollo 16 electrophoresis experiment became
~available, This experiment demonstrated that in zero gravity the rr;caior problem of gravity-
caused convection is indeed avoided, :‘:s.qu éredictob!e. Separation of latex particles was
achieved in a manner not possible in ferresfriﬁl eleé’rrophoresis. Bﬁf it also showed that not
all prob|ém§ of electrophoresis were avoided. The boundaries of the migrating particles were
-diffuse, strongly parabolic due to elec’rro;:usmosis, and subject to random distortion by as yet
undetermined causes. A detailed report on the Apollo experiment is enclosed as Appendix lll .
It therefore became appcr.'en.f that a technique with selF-shcrben?ng boundaries would be most
desirable.,

énly two such methods exist: isoelectric focusing and isotachophoresis. Unfortunately,
isoelectric focusing appears inapplicable to living cells, as their isoelectric points are not
consonant with their survival. This problem is.avoided in isotachbbhoresis. Isotacho;ahoresis

has also other advantages. For one, its self-sharpening boundaries are self-restorative and
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extremely sharp, largely overcoming the effects of diffusion or minor fluid disturbances.
Although iscelectric focusing also has self-restoring boundaries, its boundaries are far less
sharp, as the bands are formed at zero electrophoretic mobility, when the electric field has
no effect. More.over, in isotachophoresis, the eFFecﬁve'concentroﬁon of separated zones
is constant throughout the length of the zone, being only the function of so—called leader
ion concentration, Thus, the individual steps of a separated mixture will be shorter or longer,
depending on the amount of material present. In isoelectric focusing, all material of the
same isoelectric point tends to come together in a very narrow boundary of high concentra-
~ tion. This may exceed the solubility of the protein (which is lowest af the isoelectric point)
and cause precipitation, These and other advantages of isotcchophorésis will be outlined in
greater defail in subsequent sections of the report.

Isotachophoresis is in many ways a much more sophisticated technique than the other forms
- of electrophoresis. As a result, it presentea greater challenges for the physicists and ‘engineers
participating in the program. Thus, a mdior part of the work of the physicists, engineers and
expérimen’rulisfs soon focused on the specific probléms of i.sofachopl';oresis. From an experimental
point of view it soon became apparent that gravity plays an even more destructive role in isota-
chophoresis than in other forms of electrophoresis. Th'e oply way to avoid this disruption was
by working in gels, which is not compatible with cell separations. Various other methods of
circumventing the effects of gravity were attempted, but with only partial success, as will be-
come apparent from the more detailed parts of this report.

Thus, it became of crucial importance for the whole isotachophoresis program when an
opportunity presented itself to include an experiment on isofdchophoresis in the last Skylab
Mission., Two major problems face the earth-bopnd work:

(!) Will the behavior of soluble proteins in free solution at zero gravity be analogous to
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their behavior .in earthbound gels?
{(2)- Will living cells behave in.a manner anulogous to soluble proteins, once
the effects of gravity are eliminated?

There was every indication that the answers to both of these questions would be affirmative,
but only a space experiment could provide a definitive answer. Through the efforts of our
contracting officer, Dr. Robert 5, Snyder, Chief, Bioenginéering Section, Astronautics
LaBorutory, M‘arshali Spalce Flight Center, and a number of his associates, the flight experi-
ment came to its realization. 1t was designed to give an answer to the above two questions,
by fly,fng a small fest packuge'consis’ring of two pre!éaded modules, one with a mixfure of

two soluble colored proteins, ferritin and hemoglobin, and the other with a:suspension of red
blood cells. The two colored proteins were selected because of the easy visual or photographic
recording of their separation. Moreover, their separation on gels has been thoroughly studied
in this laboratory. Eryfhro;:j'rtés were selected becausé of their longevity. They have a well
defined electrophoretic mobility, and are often usea for cd[ibrcﬂon purposes,

Extensive laboratory tests were performed in prépurd—ﬁon for the Skylab experiment. Un-

fortunately, the experiment itself was less than an unquuliﬂed success, Most important was
| the complete failure of the protein experiment. No migration whatever of proteins was observed,
and post?Flighf analysis of the module showed that no current flowed, for reasons impossible to
determine. The red cell experiment was marred by leckage of cell contents, which resulted in
numerous air bubbles in the observation channel. Though the instructions called for clearance
of air bubbles, this was not done in the first run, and the photographs are out of focus., The
second run, done on the inifiative of the astronauts, showed better photographs, Moreover,
the whole experimental package wos accidentally leff out of the Skylab refrigerator for several

weeks, thereby jeopardizing the survival of the red cells,
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These difficulties notwithstanding, the experiment has clearly shown the sharp boundaries
characteristic of isotachophoresis. Electroosmosis modified the boundary shape, but apparently
less so than in zone elecirophoresis, Lateral forces seemed to modify the normal parabolic
shape, giving it a blunted profile‘. [t is hoped that better results will be obtained in the iso~
tachophoresis experiment planned for the Apollo-Soyuz mission in 1975,

Finally, o few words regarding the organization of frhis.repor’r. Because of the interdisci-
plinary ncti'ureA of our effort and the unusual caliber of the participating scientists, it is not
possible to submirt a straight-forward report, with a single narrative theme brought to its logical
conclusion. Instead, each participating team of investigators h-os prepared its own reporis,
summarizing their accomplishments, and presenting detailed accounts where available. ft
shoulcj be obvious that not all the tasks have been brought to completion, but that we are only
at the beginning of a major undertaking in elecirophoresis, involving the collaboration of theo-

reticians, engineers and experimentalists, which is unprecedented in the field of electrophoresis.

MILAN BIER
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INTRODUCTION

During the first year (1975) of electrophorésis researches, the theory

group has worked the following problems:

1.

Isotachovhoresis.

. N . om 1
l. Struvcture of isolachcophoresis Iront

For a'better understénding_of the iéotachophbresis system which
will be in the future ékylab experiment, we have made a fine analysis
of the isotachophoresis front siructure. The isotachophoresis front
is not & simple plane but a region with non-neutral charge distrivution.
This charge distribution bkss been calenlated i;ivery sirple situation.
This is a first lLuprovement of the Kohlrausch theory:2
Boundary Sharpening Effect in Isotachojphofesis3

'The non-steady state ionic motion of charged fluid is studied by
gssoming the charge neutrality. The diffﬁsicn effect i5 considered.
ﬁe found the boundary sharpening effect-—the sharpeniné of an initially
diffused boundary reglon between the leader an& terminator ions. This
is a characterisﬁic feature of isotachophoresié vhich is first calculated.
Celculation of the characteristic data associated with the Novexber,
1973 Skylab Mission experimental apparatus.h

The isotazchophoresis apparatus which has been_&esigne& to be sent
on November, l9f5 Skylab Mission was evaluéfed theoretically, It was
found that the time for the front to migrafe through the tube is about
1) minutes; the power requirements of the apparatus are less than 0.2 |
watt; and the temperature rise of the solution is only a few degrees

during the course of the planned experiment.

B-2



1I.

1.

' The'Electrophoretic Mobility

Electrophoresis Theory

Fﬁndamental Fluid Equatiop'of Motion for ElectroPhoresisl

ﬂé.have derived the fundarental macroéc0pic formwlas of electrq-
phofesis ffcm the microscopic staﬁistical firss principle.i This
provides a ganeral starting point for any electrbphoresis fluid
ﬁynémic"célculations. _
' 5

In the electrophoresis experimgnts; the electrophoretic mobility -
(E.M;) is a fund&mentél charaeteristié pérameter to be measured.
There have been several theoriess.’T for the caleulastions of E.M. from
speciel simple wodels. E.M. is shown to be dependent on the dielect~
tric constant € and viscosity 1 of tpe fiuid. The major effects that
have been considered are those of {1) tﬁe Stokes friction and (2) the

swmall electrolyte ion cloud (electric‘dpuble layer). Hovever, two

fimportant~éffecfs have been neglected::

(1) Local Field Effect: The true electrie Fforce acting on a
colloidal particle is not the average Maxwell electric
field. The acting field (local %ield) differs from the
Maxwell.field by a modification factor which is a function

'of the dielectric constant of the surrounding medium:

— peg
E,.= MteyE

This effect is very irportant in any “dense" system such

as liquid or solid.8 in the simplest case of spherical ions,

M(erys =326
2E€+ Epa

vhere € is the static dielectric consternt snd € is the

optlcal dielectric constant of the surrounding medium.
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(2) Dielectric Friction Effect: In addition to the Stokes
frietion there 1s an additional frictionél iforce on a
“charged” colloidal particle in a fluid. This effect
has been shown to be very important for a polar liquid.9
This friction is-dué to electromagnetic interaction between
the charged ion and its surrounding dielectric medium.

For sPhérical moving ions, Zwanziglo has celeulated this

dielectric friction, then the total friction constant is

é-éba
3.:' 3b + C - T

E(2e+1)
vhere J, is the Stokes!? frietional constant and ¢ is & constant depend‘t

on the radius of the ion.

By considering both effects, the electrophoretic mobility in the'

simplest ecase of spiierieal ions tha form

o 3¢ f
M_—. /"{0 26*600. | < £ -€ha
' ' 30 Glzen)

where

Moo= s,

is the value without considering these two effects.
internal Ton Frietion Effect11 . l
We applied the general formula in heference 1 to calculate the

effect of the internal ionic frictional effect in charged fluid. Ve

found there exists spatially charped fluid velocity variation which



¢an cause- the crescent phenomenon for solution with glant ions. ‘This
effect ie important in a system with charge neutralify, Tor Instance,
the isotachophoresis zones. This effect is characteristically
different frecm the electroosmosis effecéz'which night be uhimportant
in the charge nzutrality case,
Studies on Possible Instabilities For ElectroPhoresis'3

' Laminar flows are usually assumed in énalytical studies for
electrophoretic phenomenﬁ. Instabilities could arise however. .One
exarrple is due to the ccmbined effects of large electrib fields and
temperature varietions in the charged fluids.. It is analogous tﬁ
the Benard instability (for a layer of fluid heated from below} in
Rydrodynamics,'*with the electric £ield E playing now the role of
gravity. In order to gaiﬁ understan&ing to the effects of turbulence

in electrophoretic problems, we set out, as & first step, to investigate

[

tre Benard probleom by using techniques developed in.the laser thecrylb

gnd'in the general theories of non-equilibrium statistical mechanics.

- As & preliminary step we study the "Benard instability"” in very much

the same spirit as in the Lamb's semi-classical theory of "laser instability
Corre3pondinglto Maxwell equations, hydrodynamic equations are employed. By
restrictiné our attention to the threshbld region, the normal-mode method is
used and an equation of the form |

(R-RJ) V-~ v = 0

is obtazined at steady state. R is the Rayleigh number and the mode
amplitude V is the "order parameter". The saturation term §V5 is due,

in our theory, not to the nonliresr constituent relations like in the laser
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case, but to the non-linearities Inherent in the hydrodyﬁamic equations
themselves. In other words, the convective pfocesses are responsible,
A simple application of the result.is given to explain the experimentally
obseived dependence of the Kusselt number on the Fayleigh number.
Langevin-type equations can then be obtained for the coupled modes
involving both velocity end te;perature variations.
. Enclosed is a rough draft of scme of the_analyéis that has bzen

cerried out. It will be refined and extended in the next report.
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‘Theory of Isotachophoresis (Diéﬁlscement
Eiactrophoresis, Transphoresis ¥
T. W. ng
Department of Physics énd Optical Science Center

University of Arizona, Tucson, Arizona 85721

Sumary

The fundémental formulas of electiro-
phoresis are derived microscopically and
applied to the problem af isotechophoresis. A simple
physical model . of the isotachophoresis front
is proposed. The Iront motion and structure
are studled in the simplified case without
convection, diffusion and non-electric external
forces, This is an essential improvement of

Xohlrausch's theory.

* .
Work supported in part by U. S. Netional Aercnautics and Space

Administratlon Contact NASS-20566.
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I. Introduction

Electrophoresisl is the'separation of charged components of 2
solution in an electric field due to their_different electric mobilities.

This technique has been extensively used in bio-medical resezrches. Many

different techniaues have been develcped. A useful.one is the isotachophoresis

3

(displacezent electrophcresis, 'tranSPhoresish). IsotathPhoreéis is the migration

in.an electric field of different ion species oi-the same sign, all having a

common counter-icn species. In the $teady.state, these dilferent ion
species sre saptially separateé. The ions pf higher ﬁobility are moving
shead of those of lower mobility. The boﬁndaries (fronts) between the
different ion species sll move with the same velocity. In 1397,

Kohlrauschg

deveicﬁed a theory for the condltions obtaining in a migrating
5oun§ary. He derived & relaticnship between the two salt céncentrations
-.on opposite sides of the boundary and ﬁhe mobilitiesAof the ions involved.
This ié the fundamental formmla of isoctachophoresis experiments.

In this paper, we shall study isotachophbresis from basic micro-
scople principie. An essential improvement;of Kohlrauschi's theory will
be developed, In the next gection we shall review first the microscopic
derivation of fluid dynemics. A physical médel of denic solutions wiil
be introduced and the fundamental equations derived. In'Section 111, we
shall present & simple model for the front motion in isotachophoresi;r
In sddition to Kohlrausch's formula, expressiéns for the electric field

and ionic densifies in the front region will be derived. Discussion and

conclusions are given in the final seetion,
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IX. Microscopic Theory of Charged Fluid

A, Classical Theory of Fluid
We éonsider a fluid system consisting'of N identiecal particles.
Fach particle has mass m, position‘;j (t) end momentum ;d (£), (§ = 1,2, ++X)

et a given instent of time €. The particle dsnsity n (?,t) and current

n (7, t) =¢ a(?u%‘J(t))) ()
J=1
N .;.
. " - Z o o P, (t) .
end J (r, t) g i(r-rjtt)) ), (2)

where { ) is the equilibrium encemble average. From the classical'

equation of motion

; l ) ’
Ty (t) = - Pj (t) : | (5-1)-

and T (t)

) i
FJ (t)J (5"2)
wve ¢an derive the equation of continuity
o -t et ' ' .
stolr ) +v .5 (%, t) =0 (%)

and the nmomentun conservation equation

nngg vE Y = PGE ) v TE W (5)
where *

d 3 - :

EE = S% +v .V ) (6)
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—p

n .(rsi t)

1 - - |
v (;, 1) = J (r, t) (7)
is the fluid velocity, and

-ﬁB (-I.‘., t) =

N
zt‘i (r - .rj (t) ) F'3 (£) ) (8)

is the bulk force density. 7 J'(t) is the force scting on jth

particle at time t.

‘4s the stress force tensor.
- _Simple Model of leonic _Sqlgj_;j.on

Iu order to develop a fundemental theory of lonic motion in
solution, we consider a simple model: A system of N ions each with
mas;.s m and c¢charge qA and moving. in & viécoﬁ's solvent fluid.. The force

scting on jth ion is
;-4 . - - —axt
Fo(e) <aE () (0), 8) -CFy(e) +F7T (1) (20)

vhere E { —I:j (t), t ) is the electric field at the ionic location, (
the frictionsl constant due to the viscous surrounding medium -~ the

ext

solvent fluid and other ions. -f‘ j is the force due to non-electric

external source.
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Substituting (10) into (8), we obtain the bulk force density

- -t - - - - el - gyt ,—

@, 1) =an(, ) EE ) -¢T @ 0 « BE ) (1)
The stress tensor can be writiten in a standard formé

P(rt) =P, (rt) I - 5 Et) o (12)

where Pi is the jonic partiai pressure, G the internal frictional

force. tensor among the ioné%
-V .0 = 'nva-\‘r + (n+-;—)v_(v'..?) (13)

N and v are the viscosity coefficients. Substituting (11}, (12),

(13) into (5), we have the formal eguation of motion-of the ionic fluid:

mna-% v = ..; [TFunE] - VP, f.nv3;+-(q +-§)v (v'. ?)+§§ch
( positive y {14)
negative
vhere p = [q|/ _ (15)

is £he ionic mobility.

In the elecérophoresis experiments, the ions are cells or proteins,
they are small macroscopic particles or gian£ molecules. In this
situation, the frictional effect is so great that the inertial effect

is not important. In the atsence of convection,

e

mn T v f 0

o
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Then f}om eq. (14) we have the current density

JF = tpnE 4 {VP +nv3?r+(ﬂ+-—-—)v(vwr)+i‘.3ex"}
c , {16)

'C. Motion of Ionic Packet in a Uniform Electric Field,

As a praétical example, we consider the case of dilute solution

wiere the ions can be considered as s system of dilute gas. The

pressure Pi is related to the density by

P, (rt) = k, T n (rt)
and the ionic internal frictional force tensor © is negligibly
small. Furthermore, we counsider the isoﬁhermal case {T = constant)

g fvﬁ‘g‘“ : o THaET L el T - .-
L~re “leré-is po.convection.  Equation {16) reduces to

F(Ft) =2 unE-dDvn _ : ' (7

vhere . o ) .
= kg 1/t | - (26)

is the diffusion constant, If we neglect the electric screening

effect f.e. E =~ constant. We can substitute (17) into (4) ena

cbtaln the equqtlon of motion for n (¥, t):

gl : '
L §%~ “~DV ty E. V‘J n (;, t) =0 (19)
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‘If we assume initially, t = 0, the ionle packet has the Gaussien form

of width 1/4/a

3/2 -ar |
nG:O)=N("%'-) - (20)
Eq. (19) can be solved end obtain the solution
™ 3/2 = T +)2 :
n {r, t)=N(-9’T?-) ____1.__2_/2e-0-(‘+u Et)2/ (1+LDa t)
{2 + kDat)” '
(21)

bad

The ion packet is moving with the drift velocity ;5 =ty E

and being broadened due to diffusion {D # 0).
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113, Simple Model of_Isotachophéresis Front
As 2 simple model of isotacﬁophoresis, we consiéer two salt
solutions AI B® and AZ B™ in a long tube of isctacheophoresis
experiment. According torKohlrausch's théoryé the two salis afe
separated by a plane-boﬁndary (front) which is moving with constant
velocity v in the steady state. The-densities nl; n2‘°f the two
ion species AI and A; are ielated Ey tﬁe rélation 27 2

By My 4 My Ho | (22)

vhere M., W, and p are the mobilities of AI, Ag and B™ ions
respectively. Thewé%ﬁh#ric'fieldﬁEijand?EE?inﬂﬁhe?tvo regions

are related by

R _- . | (23)
The physical situetions are shown in Fig. 1. | '

It is shown in Fig. 1 thet there is electric field discontinuity
across the front plane because of the different mobilities (u; < u,)
ofithe two positive iops, Ai and A;; Accqrding to the theory of
electroragnetisn, there should be surface charges on the front plane,

Where these cherges come from? What is the mechenism to build up

thése surface charges? How much are they?
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In order to answer these questions, we propose a simple model
for the structure of the front as fellows. The front is not a "plane"

but a "reglon" of finite thickness" 8." Let r,, n, and ny be the '

concentration of the three ions, E ths electric field, The fundamental

equations are:

| -
ny (s, 0 + 353 (6 8) =0, (1=1, 2, B) (24)

where 3 ] ’ (25-1)
Jy (%, t) =4y By (x, t) E (x, t) - Dy E’X-_Hi (x, t) (i=1, 2) 5-
Ty (% ©) = - g mg (%, ) E (x, %) - Dy S oy (%, 1), (25-2)

and the Poisson's equation

d - (26)

55 B {x, t) =sb Pe (x, ) :
where . - | o '

P e (x, t):e[nl (x, 1;)+n2 (x, t) -_nB(x, t):l (27

is the electric charge density and e 1s the positive ion charge.
Ve have chosen the x-axis along the isotachophoresis tube axis, and

vork the simplest one-dimensional case,



It is understocd from eqs. (26) and (27) that inside the fronmt
region, there ic non-vanish negative charge distribution, e <.0,
which comes from the excess ofrnegativé ions n, over the positive

jons n, +'n This non-neutral charge distribution i formed because

i 2°
the two kinds of positive ilon packets are moving with different

velocitiés:

=ulE<-'p2ﬁ=
-Aat vhere both kinds of positive ions are present dﬁring the electrcu
phoretic separation process. This separation mechanism makes the two
positive ion clouds become further apart after separation and leave
a region with more negative ions.
| With this physiecal plcture, despite the mathematical difflculty
in solvinD these non-cqulibrium equations (24)» (27), we may. study
BOme character¢stic and quantative properties in a simpiified case:
the steady state and nbn—diffusive case. In the absence of diffusion,
from eq. (21), we know the iﬁn packetlshapg is not changing (D=0).
- Theﬁ ve consider the very special sitﬁatidn,where the positive ions
AY ana AZ have fixed packet with sharp plane boundaries. Therefore,

L
there exist three regions: tmo neutral regions with A;B- and A'B"

2
salt solﬁtionsland a front region of finité thickness- & and
with ion B~ only. This front region is bognéed by the two sharp
positive ion boundary planes which are meving with the seme
velocity v. Inside the front region, the e is non-vanishing charge

density Pe= €Dy vwhich contributed the electric field variation

E2 - El < 0 over the front region.
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For mathématical simplicity, we ‘chose the moving coordinate axis

with origin fixed on the left boundery plane of the fromt, i.e.

nl(x, 1) = { '?)1 E i; g (28-1)
, <} o -
0y (% ¥) { 32 i > 6 : g (28-2)
~and
nl _ xX<0 .
={ B : 0<x<§ = .
Ny (x, t) BE (x) X (28-3)
n, x> 8 |

This physical situation is shown in Fig. 2,

The front velocity v is the same as the velocities of the two

positive ilon packeis, i.e.
v =y, B =y, B, S (29)

This is-the same as ea. {23) of Kohlrausch's theory.

On the moving frame, the velocities of ion packeis are

v;"_ = O (30-1)
vi = 0 (30-2)



- {ugy +u) E (x<0) ' (30-3_)

- g *tu) By (x>8),  (30-W)

i
B
b
|
()
'
<
1

and the current densities are

J‘i =-en vl =en (uB + u.l) E, (x < 0} (31-1)
and
I} = -en, vﬁe = e n, (uB + ue) E-2 {x> 8) (51"?) :

in thé two positive ion regicns., In the front regicn,
E =E, (x) | (0'<x<8) "(22)
and .

-Jf‘. = e np, (xi,uBEf (x)-l-v] 7 (_Q<x<6) (33)

From equztion of continuity, we have

J; =J) =T o : (34)

This leads to ‘t.he Kohlrausch's eguation

My * Ry ' (35)




end the negative charpged particle density in the front region:

| (x) = n By vl (3 =1, 2
Daf 3 E, {x) + vﬂJB e _ (36)

The electric field Ep (x) 4n front region is related to an'(x)

by Poisson's equation:

E} (x) =-U41e an (x) | (37)

Substituting (36) into (37) and using the boundery condition

Ef (0) = Els . ' ‘ : ) (38)
we ¢btain
E, (x) = - AR v y2 - v
£ Mg ,\] (El"-ffg) -BHnle(El-%E;)x
: (39)

The thickness & of the front region can be calculated from another

boundary condition
Ef (&) = E2 = V/U-E (%0)

The ion densities, charge density and electric field can be calculated

from egs. (28), (36} and (39). These arc shown in Fig. 2.
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1V.. Discussion and Conclusion

In this paper, wekhave pfesented-the derivation of the funda-
mental formulas for electrophoresis from the microsecopic statistieal
theory and some macfoscoPig fiuid aspect. It is gpplied o the
isotachophoresis system. We have proposed d sirple model for‘the
ﬁisotachOPhoresis front," the ions and electric field distributions
have been calculated in the sirplified situation without convection,
diffusion and non-electric external forces. This is an essential
improvement of the Kohlrausch's fheory. -

| The fact tha; the front is & region of ‘charge noﬁ-newtrality vas
also realized by Hall and Hinckley{T They gail this the "shock region.™
 They discussed scme quﬁlitative:proéérties_of the shock région, but they
did not calculete the chﬁrge and electric field distributions. |

The general equation of motion (14) is very useful. It provides
the basic starting_poinﬁ of any macroscopie fluid dynamic caleulations.
For a simple demonstration of the existénce and structure of isotachopho-
resis front, vie ha#e ﬁeglected (1) the diffusion effect, (ii) the ioﬁic
shearing stress effect, (ii;) the convection effect and (iv) the other
posSible-external_forces, for instonce, the;gravity; maghetic fbrce, ete,
In addition, we only consider the steady state case and pbsitive icn
packeﬁs with sharp boundaries for mathematical simplicity. In other
words, we have only presented the "minimum théory" for isotachophoreéis.

Further ealculations ccmpatible with real experinental situations will

be interesting for further investigations.
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The diffusion has two major effects:A(l) the ion packets will be
broasdened, this has been characteristically shown in Section II-C;
(2) there are no sharp boundaries, this was shown by Konstantino{ and
Oshurkové.8 It is expected that the positive ions AI and Aﬁ will
diffuse into the front region and further to the regions of other
ions.Tl Furthermore, becauue the diffusive boundary region is very lar
it would be rmeanirngless to do any quantitat;ye calculations for real
experiment without considering the diffusion. The qgantitative solutions
cah not be cbtained without.numerically solving_the set of exact
- equations (24)~ (27) in computer. The approximate mmerical solutions
for stéady'state'haé been worked by Coxon and Biﬁder.9 However, without
considering the_diffusion, ve have clearl& seen the gualitative structure
of isctachophoresis front from éur minimum theoretiecal caleulations:

T wish to thank Drs. M, Bier, M. 0. Seully, J. 0. ¥. Hincikly,

G. Moore, M. Coxon, J. Kessler, and Mr. M.'Binder for helpful discussicn.
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Figure 1.

()

(v)
(e)

Figure 2.

(2)

(b)
{c)

Figure Captions

Tre ions AI and Ag are migrating in séparated zones, The
ions Ag in the leading zone have higher mobility than Ai
in the terminating zone, 3B™ are the common counter-ions

in the two zones. The zone boundary (front) is moving

. with constant velocity v in the steady state.

The ion concentrations in the two zones.

The electric fields in the two zoﬁes.

In addition to &he leading and £erminating zones, there is
& front region with counter-ions B™ and moving gith constant
velocity f in the steady state, |
The ion concentrations in the two zones and the front region.

The electric fields in the two zopes and the front region.
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ELECTROPIIORETIC CRRESCENT PHENCHTHON%
To "Io I:Ee
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ABSTRACT

The crescent phenomenon in the electrophoresis experiment is due

to the viscous fluid-dypamic mechanism of ihe system of charged particles

ith finite 544e dh e bDluﬁlhpo This phenomensn is enhanced if the
charged particles are so biz that becore imperieable to the membranes

at the ends of the esll.

*Work supperted in part by U.S. Nationul Acronautics and Space

Administration Coantract #AS £-29565,
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In the eleétrophéresis exyperiments, it is frequently obgorvad
the so-called crescent pnanﬁmencn; tho charged fluid under amnlied
| electric field which is parallei to the tube wall will move in
different directidag acress the bube cross gection. The (luid near
the wall and that‘at center are moving in‘opposite directions i.e., the
negative and positive flows (Fig. 1), This crescent phenomenon is
further anpliﬂéd in a tube with closed ends Eccausc of the liquid
circulation in the form of a closed double loop. (Fis. 2),1’2 This
ﬁhennmemon is alco observed in the electrophoresis experiment in the
Apollo 16 spacecraft during its flight mission to thé moon.1

This phencmenon was characteristicaliﬁ_explained by Fanl as a
result of the simultgneous action of electrophoretic motion in the
center of the Luve and the electro-oémosis effect nzar the wall.
Due to the existence of double 1ayer3 in a charged fluid, the charge
distribution becomes non-uniform near the tube wall. Furthenﬁore, the
veiocity will be corre5pondin§1y non-vnifsrm due to the fluid shearing
force, Therefbre, there will be possible negetive flow near thz wall,
This would be a satisfactory qualitative explanation of the crescent
phenomenon if all the component charzed pgrticles in the solution
have the same kind of charge {either positive or négative), Hovever,
in én clectroPhéresis experiment, there exist both pcsitive and nezative
charged particles. The contributions of opposite ions to the double
layer electrosiatic potential arc just opposite (Fig. 3). This can-

cellation effect will cause very smell effect of charge non-uniformity

ORIGINAL PAGE I8
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 on the vélobity‘ﬁon-uniformity. This greatly redﬁces-the'contributiop-
of eleb£fooshosis effect to the crescent phencmencn. Then it 4s inter-
¢sting to sge the otﬁer possibility to produce the c:cscent‘pheacmensh._'
We shall show following that there iz a purely viﬁﬁaus fluid-dynanic.
mechaniem-which never invdlve any electrostatic double layer effect;
There vere twp sets of électrophsretic éxperiments in the Apollo
1oon nission: Apgllo lhh and Aposllo i61. They have the same exﬁefj-
‘wental apparatus but different séﬁples. The charged particies in the

tvo samples have different sizes:

I ( Apette 14
' ' (1)
—?'.' v (oo ( Apstlo )

where @ is the diszeter of the charged particle and § is the sur-
rounding double leyer thickness. The charged fluid in Apollo 1k
experimant is more 1like a continuous éhafged Tluid whereas the charged
particles in the sample of Apollo 16 experimént is rather big, and the
. an ’ .

continuqus fluid will not be, avpropriate picture. The motion of big
particles must be taken iInto ccnsideration.

According to the theory of Brouwnian motion, a particle noving in
a fiuid with velocity ﬁi. is acted by the surrounding medium a force

of the form

F%:";UF* ]‘;. _ (2)
: (Hiﬂ1ﬂv -

V - OF AL PAG e
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-y
where F, is the fluctuaticn force which will vanish after averagine,
S is the friection constant, The averoze foree is called the Trictional

foros

It is'known that the bigger the particle the smaller the fluctuation

-y . - -
foree Ff in eguparlzon with the frictieonal force - § V.., Hence for

‘ miutch ; P .
a large particle (with size, greater than that of fluid molecules), it

s good sl roascnnivle approximation 9 neglect the Tluctuation force

and write —

Fon = =3V, o (5)

With this aprroximation, we can derive the fluid-dynamie equation for

5
a system of larze charged pariticles in a selution:

l__-; B < T —3 exf
Mg T = -3 [TrmE )P EOn IV @I BT

PI:SI.{ VR
n ?j eFive

where m is the mass of the charged particle, M the mobility, E the
electric field, n is the charged particle density T =n ; the
chérged particle circuit density, ; the velocity field and p the
artial pressure of the system of éharged rarticle., np and y are the two
:kkt

stress constant of the charzed fluigd. Fgo = is the Torce density due to

external forces in addition to the electric field E.

CRIGINAL pjgy, .

OF POOR QUALITY
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Next, we shall consider the crescent phencmenon. For a simple
demonstration we eonsider 2 chargzed system bounded by tuo planes at

r=2 I, the ezterﬁalﬂy agplied field B is ‘n the x-direction.

Ye escuma the length of the cell A% is sp large that we can heghcﬁ
the edge effect, i.e., we only congider the fluid behavior at where
far away from the two ends. in sﬁeady s’téte, the velocity is in x-
@irection and has spatial y-variztion onl}.l‘Furtheﬁnore, W= negleet
8ll the eleelrostatic screening effects, i.e. the existence of double

leyers. Then therz is no spatial density, presspre or electric Ticld

variztion in the y-direction. We have

L= [ E, 0,0 o o (5)

F:‘ [L""(‘?), é,O ]

(6)

—_— - ’
j-’—{%b"g),e,a] .
awd
:)eut
., =0
5 (8)

vhere E, n are constants. Then we have
>

V- =0

ousd ’
d - 2 — -
27 B+ 3v)F o

ORIGINAL PAGE 7o
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The x-component of equation (4) gives

-dl .

-sn v FpE ] Y Sy Ve Ee. (9)

d?* 2 - 1 /

o l‘d\Laz-;K]v‘a): 7 M KE (")

vhere K = T4l . , {10}

is a characteristic constant with dimension of inverse length,

We consider the special case tbatlthé two ends of the cell is
impzrmeable  to the big charge @articles. Because of the circulation
dus 40 noss ccnsg;;ation there exdsts negétive Tlow {Fig, 2). 'The
velocity will vanish at Y= *by( Lge¢ LD,

Using this condition, we can get thg ?elocity Gistribution by solving
eq. (9'). - | .-
' — Coh Ka :
’U‘(j)zi”/ul:{l- m} (11)

 The typical curve of v(y) is shown in Fiz. 4. The constent Ls is
determined from the mass conservation, i. e. rate of positive flow
equals the rate of negative flow!

1s ~bg i

j clta ’Y\U‘l\a) = S -+ E d\b ﬂr\,"(-a)
~L, ‘L L, o '
The vesult (3
: N . KR ~! Siml\ KL] - '
L-_; = K Cbs!-\_ [ KL . | | (122
:r‘f |'$st1m.«m . F‘j 5
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Substituting ea, (12) into {21), we can rewrite the velocity field as
| | ’ |< L. -] ' |
ATy = = UE ¢ | = —————— (mia K
AN { Sinh KL, - J (1h)

Then we have the velocities at the center

'Uf°5= f/AEf.f‘* KL 3 (23)

The KL, -dependence of center veleeity V(o) E?crward Flcq] and Wall
Veloeity Vi=L) @aclz Flm-:_] are shown in Fiz. 6. For a given L, the
typical velocity fields atv different value of K are shown in Fig, 7.
The characteristic effect of the shearing stress can be clearly
© seen from Figs. 5, 6 and 7. TFor given |_, S (o A ) , E, the smaller
shearing stress Cmmﬂ«fﬂ (the bigger value of X), the forward flow |
velocit& will increase and epproach the upper limit 2 (E, (the value
in the sbsence of sheaﬁjstress). The bacﬁ flow region will shrink to
the vall ard form a very strong surface backvard current - V{2L) due to
the mass consevvation,
For bigger value of shearing constant 1 (X is smallef), due to the
higher viscous foréc, botﬁ backward and forward velocities are smalier.

Then the erescent phenomenon is reduced.
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E(Bucdim (q) Can be vewvthn ag

1’)["31}(3) + ﬂ;l E ] -+ ? _&!_31 U'ua) = O, (n”

wheré a is the particle charge. In this paper, we have consider
n as copcbont by neglecting the double layer effect. However, in
case of system of small charge particles (Sf_one kind of charge),

. P“buﬁly
this electrostatic screening double layer effect would beﬁimporﬁan
because the system are mors like ccniinuous charge fiuid. Then the

. . 1
charge density will have spatial y-variation, g n (y)}. From eq. (9 )
there is corresponding y-variation in the velocity v(y). This is the
electro-osmosis effact. In Fan's calculationl, e neglecled the texr
~NIVY) in p%f(qa)' This approximation is only reasonable
where !‘V{?‘l | << ME. The calculation cf eleciro-
osmosis effect by using eq. (9") would be interestfor further investi-
gations.

As a conclusion , we have shown that?.in addition to the electro-
osmosls effect, the viscous fluid mechanism can contribute to the
crescent phenomenon in +#h2 electrovhoresis experiment . This is a
reéult of viscous charged fluid with shearing stress force. The veloeity
will be non~unifomm over ithe tube cross section: it is bigser at center
and smaller at the wall, Then it i1z possible to have back flow near

the well.. In a system with ends impermeable to the charged particles,
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the back flow is very larse because of the circulation of these particleé.
This will reduce the forward velocity frém its maxinum value p B vhich
: ( By 03)]

iz the velocify in the absente of shearing forcc. , For smll particles
¥hich are permeable to the end walls, there will be no eck Flow ant
the crescent phenoizenon will not be cobserved. This is a vary possible
reason that crescent phencmencn is observed in Apollo 16 experiment
“rather than tkz Apollo 14 experipent.

‘For matheratical simplicity, ve consiéer here a system bounded
by two planes  y = L., Tor a resl experiment in civcular tube, the
cylindrical coordinates must be used. However, tberé will be no

gualitative change.

ORIGINAL PAGE 13
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Negative Flow =) Positive Flow
L L IS E e e e s b P b s e
///1////[/é/f///!x////f// h
- '.' — -
¥ig. | — The Crescent Preromenon

Membrane

—r—
P

Meinbrane

Fig. 3 — Liguid Circuelation Due to Mass Conservation

Iuside a Cell
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Abstract of a Faper on the Theory of Isotachophoresis
- Now in Preparation

by

Dr. Gerald T. Moore

Partial differential equations descfibing the migration
of ions through a stationary medium under the influence of an
electric field are developed and then applied to the analysis
of steady-state and unsteady-state propertfes of isotacho-
‘phoresis in one dimension. The original equations are three
. dimensional, contain terms describing fon diffusion, and also
altlow the possibility of arbitrary temperature and mobj1ity
distributions. It is sﬁown that charge,imbaiance can be
neglected tﬁ an excellent approximation, and that the electric
field is determined in terms of the ion distributions by an
equation similar to Poisson's equation., The solution of thi;
equation is trivial for one-dimensional systems. Ana]ysis
of a one—diﬁensiona] system with constant temperature and
mobilities shows that ‘the transition region between thé two
ion species in the steady state has a finite thickhess

(typically 1073 to 1072

cm) determined by the effect of
diffusion. The exact shape of the transition region is
discussed. The steady state with an arbitrary number of

ions present can be determined completely by solving one
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| ordinary first-order differenffal equation., The dnsteady
state is analyzed using a model in whicﬁ the diffusion
constants épproach zero. The approach to the steady state
from an arbitrary initfél state is particularly simple if
only a leader jon and a terminator ion are present. This
~is described using the'method of characteristics. The

' noniineér'partial differential equation:béing solved s
not by itself sufficient to determine the evolution of the
system after the shock front (boundary between leader and
terminator) becomes sharp, but must be supp]ementéd by the
relation between the instantaneous speed of the front and

the discontinuity in ion density.
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Studies on Possible Instabilities for_Electrophpresis*

#.8.7. Shih, M. 0. Scully and T, W. Kee

., Department of Physics and Optical Science Center

Uaiversisy of Arizona, Tucson, Arizonma 85721
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Studies On Possible Instabilities Tor Electrophoresis

Laminar flows are usually assumed in analytical studiés for electro-
phoretic phenomena. Instabilities could arise however. One example is due
to the combined effects of large electric ficlds and temperature‘variations
in the charged fluids. It is analogous to the Benard instability (for a
layer of fluid ﬁeated from below) in Hydrodynamicsl, with the electric field

_E playing now the role of gravity. In order to gain understanding to the
effécts of turbulence in electrophoretic problems, we set out, as a first
step, to investigate the Benard problem by using techniques developed in
the laser theory2 and in the generalltheories of non-equilibrium statistical
mechanics. |

As a préliminary sfep we study the "Benard instability" in very much the
same spirit as in the Lamﬁ's semi-classical theory of "laser instability".3
Corresponding to Maxwell equations, hydrodynamic equations are employed. By
restricting our attention to the threshold region, the normal-mode method is

used and an equation of the form

(R-RC)V«5V3=0

is obﬁained at steady state. R 1is the Rayléigh number and the mode
amplitude V 1is the "order parameter'. The saturation ferm

gV is due, in our theory, not to the nonlinear constituent relations like
in the laser case, but to the non-lincarities inherent in the hydrodynamic
equations themselves. In other words, the convective processes are respon-
sible. A simple application of the result is given to explain the experi-

mentally observed dependence of the Nussclt numher on the Rayleigh number.
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Langevin-type equations can then be obtained for the coupled modes

involving both velocity and temperature variations.

1 S. Chandrasekhar, 'Hydrodynamic and Hydromagnetic Stability", Oxford

University Press (1961).
2 y. DeGiorgio and M.0. Scully, Phys. Rev. A2, 1170 (1970),

3 W.E. Lamb, Jr., Phys. Rev. 134,-A1429 (1964).
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Following is a rough draft of some of the analysis carried out.

It will be refined and included in the next report.
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NL - Coupled eguations on 15 and ST
Normal-mode approach and the threshold condition:
A Review

Steady State solutions near threshold

Heat conduction
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1. Nonlinear coupled equations on '%5 and & T

Let us start with the hydrodynamic equations in the following forml,
%&[O -+ Ve({olf):" 0
e+ T)T+ V- P=Frf

]
{
Vi
<3
N)

(1)

| (0(;?1 tT7-0e + V-j}

where

liquid density

4

= fluid velocity

= internal energy density
A

body force = g Fi

= stress tensor

heat flux

oy %HLM 0o @I ™

For incompressible fluid, internal energy ¢ and density fo' can be

expressed in terms of the temperature T as,
(2)

L= AU-ST) o
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where

T-/= - 7;:}

In addition, let us take the linear flux - force relations,

- pd - Y
= - V]

) '%u

where:

(isotroPic) pressure

Ry,

(V {}-:)5 = veloc:Lty straln -'{7’ v:
<o v+
37 J
= viscosity
A = thermal conductivity
Substitute'Eq.s (2-5) into (1), we obtain
= - _ ot 3 - -7

C Vvt pP 7= 7(V-Lb:‘va'f)+V/7::j/0dq
(erpde « Gp7v-av)T -~ pP0vs Y@V

(4)

)

L
"4
V)

(..U t-“

(6)

Note that wc have assumed linear constituent relations (Eq.s 3-5), and

that nonlincar efforts arc duc solely to the nonlinearities of the hydro-

dynamic equations (1) Especially, the convection terms ( flf' VL" N‘C‘[ CVN’" V)
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in Eq. (1) are mainly responsible for the saturation effect as will be

shown later.

Using the small “expansion coefficient" of as the perturbation para-
- . 2

meter in the same spirit as in the so-called Boussinez approximation , we

obtain from Eq. (6},

V- V=0 _ . ,
(- yv) V' r Vot 'f!iVP= 5 (3 AGT")

(()t"' kV.L)T/ + - v T" - }(-;?z[.,v.-;.vz_r (317)(,%5_)} 7N

where

Y
JC

Kinematic viscosity = y//aq

coefficient of thermometric conductivity =

Eq. (7) is easily solved if o= 0:
e e
V=¥V "=o0
and, ?:F‘o‘) , TV = 7©) are simply solvable through,
L v (c/ - ‘
VP =

- ]t GFUJT—(SB = ©0
7%= F(T-p5)
}(w - /‘g{(o/ £ ﬂ/; : .
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Let us now write, for o # O p )
- — o) )
['=7%+ 4T
177 = U:(a) * Jﬂé; =V

(9
P pTeap
Eq. (7} 'now.gives, |
=0 |
| V 4 5 (10)

(% =¥V + VO)T+ 5 V8P =59 (T

' . o . (11a)
Qu-K7+T0) 4T = — 507

. (11b)

+ % 77 R '
K v QU )@V ]
© With the aid of the identity, o

U T¢ =o

We eliminate the presence of f/’ by taking curl of the Eq. (11a) which

gives,
Q- v T wF) + VX(V-7V)
= W (g S5T) o

Note that, subject to the divergenceless condition of Eq, (10), the

vclocity vector |/ may be cquivalently specified by two independent scalars,

€8s 1}:. ;} = IZ; “orved (’I7afI}=)' 251 :EE-E; .
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From Eq.s (11b) and (12), we see that g; obeys the following equation,

(3, ~v7) W2V = = 51 g (F- )]
: | _

- — q - ' i
It states that, to 1st order in U, ég-(@ﬂlﬁ) is not affected by gravity

We therefore will concentrate on the behavior

(13}

and is purely dissipative.

of g alone from now on.

Taking Curl once more on Eq. {12} and retain its é; -component, we

see teﬁt 25, satisfies the coupled-equations with J;r- as,

- W)V T} (T=-V0 )6 0)F] f= o3t 5T

=k IT + i Vi = U5t zfj’-’-z‘v"ir;@-lf/@y)j N

ap—

where I/ can be expressed in terms of ?Z;. as,
U= /’; U
=/ & -/ ' 15
[5(@) -2y ] % o
.This is obtainéd+ easily from Eq. (10)

V- V=0

and assuming [consistent with Eq. (13}],

;?1..('§Zw ﬁi) =

+ Sce Appendix A, B-53



2. Normal mode approach and the threshold condition - A Review

!

In the limit of diminishingly small 1;7 and 4 T, nonlinear terms

in Eq. (14) may be dropped to give
(2-27) T V= L7 QT
(Pc —¥7)IT = FU5 | @

- For steady state solutions, they combine to yield a single equation on

in the following simple form,
'[(%—"“@2) - R gr] Y=o (2-2)

where

{:: 'CK’J?/Cg = .
R

R = foglgh mober = 2 4

For simplicity we restrict our attention to the caéé of free boundaries
at z =0, h. It can be 5hown2 that as a consequence of the incompressible
fluid, ‘7_ _

V=0 at the boundaries, we have for

the present case the following boundary conditions on %5& s
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21; = O
‘ 9;1'2/;' =0 | _ | _ (2-3)

Together with Eq. (2-2), it demands, first of all,
oo ' 57]
= ZZ hz /) :7/( (7 )
— - J_
,Z,fj h=/ (J:.,, T; : *
or, expressed in terms of '"normal modes":

7)‘-‘*7

Vj- = Z | 4’_25,,_ 4,,j(/i.)§f_£¢(r) @-0)

where
Vi

".fl-‘,__ | |
%EL(‘“: (Ji Ti) €T .' (2-5)

For each of the normal modes specified by Eq. (2-5), Eq. (2-2) for the onset

of the instability demands also

v - 01'?, 2
[(2)+ 69~ /2= o

(2-6)

Graphically, this equation is represented in Fig. 1. The minimum value of

such R' which is the instability threshold is then easily fc:und,2
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3. Steady State Solution near threshold.
Let us further restrict our attention to a small region near the

threshold,
P
RS ([r €)
_ ' (3-1)
< & << |

Following the discussion of 'f 2, it is clear that even in this limit; it
. . L . £

will nct be a good approximation to treat the Benard instability as con-

sisting of a single "normal mode". Indeed, all the modes with n =1 and

/7§;I== 7@:' will be "excited". We thus write approximately

-'c,, —_
1"!_

= (uZ3) / V(?’)[f + <<}

(3-2)

and

7 .
72 F73) )% 1 f?)[rf _-f ] e

where j;’= unit directiornal vector which lies in the transverse (x-y)
plane and makes angle S?Dwith say the x-axis.

Eq.s (14, 15) now become, in the steady state ( é%f = 0)

- vk fl,- = —wg(A) ST

(3-4)
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<t + 7 V.) §T = /3 l{}

and,

S s

v = 1!2) + (?élFi)L ‘Zl ;%? :] ;i;i
vwhere

£ 5 LvE ) (T v 2N
- G.l) + ()"

- Combining Eq.s (3-4) and (3-5), we deduce,

@ R=R)G = M“’+ vﬁ

=0

where

("L}

1 S .
M = 5 rxt s~ vpE vl

¢
ﬁQ..f = (ﬁr:)/(fl‘)v’
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Let us further assume that the transverse dimensions are infinitely

large so that Eq.'s (3—2), (3-3) simplify as

tﬁ(ﬁ-ﬂ ? i

gl onts) | 2L e’ recl

I72 tqu)/ Z/c el el

(3-11)°

Inserting Eq. (3-10) into Eq.'s {3-8), (3-9) and (3-7), and multiply

. the resultant equation by (J\hTJ)C‘O £ ?ﬁ_) and then integrated over
3 ﬁ.{\d "1 , we obtain,

.(_‘fE*IQc.)V -¥F)’=0

©(3-12)

where

Regle igh number

R= 42E £#- W

-
O
|
=5
——
“ﬁ
\_.-
::-\:.
~

Critical Reygleigh number

and




The evaluation of _E: is cumbersome and will (?) be pursued later:

From Eq. (3-12) it follows

2.

. V E% W’f‘)/j - s

+

Need to confer with M.O.S.'

B-60



4. Heat Conduction

We shlall now apply the results obtained in the previous Seétions to
explain the experiments of Silverston on the measurements of heat transfers
rin various liquids.z’3 Silverston's result is shown in Fig, 2

The heat conduction rate measured is,

£4- /)7 g, _
"%/I’Kéy ((7; ;);;? - (471-)

| a—

In our approximation the heat flux (./-;’ is linear on the gradient of

Jé =-307

- Combining it with Eq.'s (9) and (8), we see

—

v

i

“2v7 "+ vs7)
= ,f]f;/»’ — 27[7.

Therefore,

V?Q: ’7//{ 9%% _?-j- N
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where A = area of the heat conducting plates.

" The Nusselt number /w/ is defined as,

A
/K

aﬁ//

ﬂ/ "’7%‘7’/ 23 [7

7 54
/"" ﬁ/f‘/it?/ 9 f?‘

(3-4) 1mp11es,

Thus,

(4-3)

For the region near the threshold Eq.

§T o &~ a v
/ 2 E s — _Jr
<7 6) T N

and thus,

- Jedy Vfc, '
_% _ / o.;;(%) 20

‘f’"'l" Aq Y
4 %" "‘%?(?é’f) By

With

e thus conclude, using Eq. (3-13),
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W=t "%Z =/+ ([\7 R.)

I‘

where

quﬂg / ;). kf&i
=) D(ﬁ(ﬁ.) *;;L

C:nj“fﬂnff ( thLTuntﬂﬁ1f' °jr b/’,)

The dependence of the Nusselt number or the Rayleigh number

by Eq. (4-4) compares favorably with the experiment of Fig.
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Appendix A - Derivation of Eq, (15)

Eq. (15) will now be shown as a consequence of

—

V-¥= o
(VA7) 5 =0

[

Rewrite Eq.'s (A.1) and (A.2) in Gartesian co-orders as
Uzt KUk ¥y Y =0
| Pe U‘;,' —- .93, Ve =0
Using Eq. (A.4), we may eliminate [{;' in Eq..‘ (A.3) to give
23V 07y k=0

or,

Vs 20

And similarly, q; may be eliminated:
N, Vg o= - -
T Tyl
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Equations (A.5) and (A.6) mMay be combined into one vector-gquation,

or, symbolicaily,

..

T=—(@) U3

Eq. (15) thus follows immediately.
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5 - Exact and Pexturbation Methods of
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~1-

INTRODUCTION

1. 1Introduction.

The first several months of the year, whose activities are the
subject of this report, were necessarily spent in reviewing previocus
work in the field of electrophoresis. Coming to this field without
previous erperience, our learning process was greatly assisted by
discussions with our colleagues in the other groups particularly
Dr. M, Bier and Mr. J. 0. N. Hinckley of the experimental group.

As a result of these early studies we have become particularly
attracted to the possibilities of Isotachophoresis. TIn consequence
the main thrust of our effort has been directed towards a better
understanding of the many complex factors affecting the performance
of Isotachophoretic devices.

The philosophy underlying our approach has been deliberate and
we believe sound., The problems attacked so far have been simplified
as far as possible corzistent with the retention of the deminant
physical characteristvics of the system. It is our intention to
proceed through a series of successively more realistic models until
we arrive at a reasonably complete description of the process of
Isotachophoresis for a system imvolving only simple ioms. Until this
point in the development of the theory is reached it is unlikely that
any meaningful treatment can be attempted of the varicus anomalous
behaviours observed in the separations of macromolecules and living
cells. ' -

Specifically our accomplishments to date have been (i) the
development of an approximate solution for the structure of an ideal
piane front in Isotachophoresis and (ii) preliminary investigations
with regard to heat conduction, heat generation and determination of
the non-uniform temperature field in an Isotachophoresis column.

This work is discussed in general terms in the succeeding
sections of the repert while more technical details are given in

- (Sections 2-5) .

2. 1Isotachophoresis Theory - Structure of the Icnic Species Interface.

An approximate sclution has been obtained. for the equations
governing the structure of the inter-species ionic interface in
discrete sample Isotachophoresis in an ideal one-dimensional system,
in the presence of a common counterion and in the absence of contin-
uvous mobility spectrum spacer ampholytes.

The approximation is reascaably gocd for values of the Xohlrausel,~
regulated terminator/leazder concentration ratic greater than 0.5, The
dependence of interface thickness on mobility znd cencentration ratices
is discussed and results are compared to those of previous workers.
Interface thickness is found to be inversely proportional to leader
voltage gradient. ' : :



The estimates of frontal thicknesses and the details of concen-
tration and electric field gradients irn the interface obtained in
this work are believed to be superior to those given elsewhere.

This work has been submitted for publication to the Journal of
Chromatography and the paper (as submitted) is reproduced in its
entirety as Section 2  of this report.

Preliminarv Investigations of the Temperature Distribution in .
Isotachophoresis Columns. '

We consider the Isotachophoresis to occur in 2 giass walled
column of circular cross-section. The voltage drop along the column
i¢ assumed to be independent of the temperature and hence of the
radial location. It follows that the current density is then a
function of radial location because of the temperature dependence of
‘the electriczl conductivity.

For the application which we have in mind (ultimately; e.g.
separations involving living cells) relatively small temperature
changes can be tolerated over the cross-~section of the column. In
the case of living cells the permissible temperature range must cer-—
tainly be between 0°C and 37°C if cell damage is to be avoided. This
in turn implies a restriction on the heat generated in either the
free solution or supporting medium in the column due to the passage
of the electric current.

Present calculations have been based on the following
asgumptions:

(1) Operation occurs in a gravity free environment

(2) Convective effects may be ignored

(3) The fluid or supporting medium is essentially at rest with the
various ionjc species drifting through it in the axial direction

- {4) The thermal properties (density, svecific neat and thermal con-

ductivity) are independent of temperature
(5) The electrical conductivity is a linear function of the temper-
ature over the range of temperatures of interest

(6) The temperature distribution may be obtained as the solution of
a condiction problem invel-ing only the radial coordinatz and
time.



Some further comments are in order with respect to these assump-
tions. ‘ :

Assumption (6) will be a good approximation in any longitudinal
(axial) region sufficiently far away from any fronts where it is
obvious that strong longitudinal temperature gradients must exist. It
may be argued that it is precisely in the region of the fronts that we
wish to determine the effects of ron-uniformities in the iLomperzture
distribution. However, the present approach is a legitimate first
step towards the more general problem and certainly should permit a
first order estimate of the temperature dependence of the species
migration velocity profile to be determined. Furthermore it is clear
that there is always one region (the terminator) where the heat genera-
tion is a maximum and this region is not a sample region. Thus if the
maximum design temperature is specified in this region there will be
no danger of the sample species becoming overheated. FPresent calculations
will permit the determination of the time taken to reach maximum design
‘temperature and the corresponding maximum electric field strength.

Assumption (2) has been thought to be reasonable in view of as-
sumption (1). However there remains the possibility of electroconvec—
tion and further work must be done to determine whether this will be au
ifmportant factor. : :

In view of assumption (3) the present results will not apply to
any system using a free solution with counterflow.

_ Assumption {(4) has been checked by comparing the "exact" steady-
state constant properties solution with the results of z steady-state
perturbation analysis which permits variation in the thermal properties
with temperature. It appears that the effect of nreglecting thermal
property variations is very small and that the results of a constant -
property analysis are conservative. Derails of this particular point
are discussed in Section 5 of this report.

The problem discussed here appears to have bean considered first
by Hinckley, Brown and Jones (1972). They considered only a steady=-state
solution with a constant temperature boundary condition at the outside
wall of the column, whereas here we treat the transient problem and use a
more general external boundary conditicn. Details of our scluticn, based
on the method of Tittle (1965}, are given in Section 3 of this reporc.

In addition to the above we have considered the, corresponding pro-
blem for a column formed between parallel flat plates, the side walls of
the column being perfectly insulated.

The motivation here is as follows. There 1s an obvious limitation
on the size (radial) of a circular column due to the fact that the cross-
section area increases as the square of the radius while the external
perimeter increases only directly with the radius. Thus the volume 1in
which heat generation occurs grows faster than the area available for
surface cooling. With a parallel plates systenm however the volume may be
increased indefinitely wihile maintaining a fixed ratio of volume to surface
area simply by increasing the width of the plates. Thus the rectangular
geometry offers the possibility of increased sample productien.
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Details of the solution for this case are given in Section 4

At the present time we are only beginning numerical calculations
of various cases and attempting to assess the fuller implications of
“the work. Thus this part of our report should be considered as & stare-
ment of progress only and not as a final communicatioan.

4. Conclusion

In conclusion it is desirable to say something of future objec-
tives. It is our intention to generalize the thermal analyses pre-
sented here so that details of the mechanics of the frontal regions may
‘be further explored. ‘

In addition it will be necessary to investigate the possibility
of electro-convection effects. Other factors such as electroosmosis
must also be included before the complete process is well understood
and a rational design procedure established for a productive piece of

equipment-—even for cases involving only simple ionic species.

Eventually, the inveétigation of sample behaviour_ﬁhen the
sample contains macro-molecules or living cells is the goal.

M. COXON <,»—“-—-HE

M. J. BINDER

February, 1974
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SUMMARY

An approximate solution is given for. the equations governing
the structure of the inter—species {onic interface in discrete sam-
ple_isotathophoresis (displacement electrofhoresis,'transphoresis)
in an ideal'one-dimensional system, in the presence of a common
counterion and in the absence of continuous mobilitylspectrum spacer
ampholytes. It is shown that the appro%imé;ion is reasonably good
for values of the Kohlrausch-regulated terminator/leader concentra-
tion ratio greater than 0.5. The dependence of interface thickness
on mobility and concentratioh ratios is discussed and resultis are
coumpared to those in previous literature. Interfacé thickness is

found to be inversely proportional to jeader voltage gradient.



INTRODUCTION

Isdtachophoresisl.(displacementelectrophoresis? transphoresis3)'
is an electrophoretic separation method characterized by equal
velocities for all ioms migrating in the system once equilibrium
has beén attained. The.sample to be separ;tea is placed in a tube
betwee; leader.and terminator electrolyte solutions whose ions are
of the same sign as the sample ions, and whose mobilities are Te-
spectively higher and lower than the mobilities of any of the sample
jons. In the absénce of co-moving continuous mobility spectrum

- gpacer ampholytesl, the sample ilons separate into a number of con-
tiguous compartments arranged in the order of their mobilities, eagh
compartment being of uniform characteristic concéntration governed
by the Kohlrausch regulating function4 (sce equation 33) except in
the vicinity of the interfaces. | |

The system was first described by Kehdalls, and subsequent work,
fneluding direct method transport number dgterminations, has been
partly reviewed elsewhérel’3’6_10.

Because of diffusion effects, the interfaces between the com-
partmeﬁts are nct sharp (although in most cases they are much sharper
than iocnlc discentinuities in other forms of eigctrophoresis), buﬁ
~ rather, a continuous distribution of all ions exists throughout the
lentire :ube. However, in discrete sample (as opposed to continuous
frontal) separations, the bulk of the concentration change of the
4ndividual ion species occurs in a very shorﬁ length of tube if the
pobiiity differences are not excessivély'small. We refer to the

distance over which the copcentratiom cthanges from 997 to 1% as the

ORIGINAL PAGE 13 .
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interfa;e thickness, A. This paper presents an approximate method
for determining the structure of the concentration and potential
gradient profiles and the interface thicknesses based on a one-
dimensional analysis of the interface which would exist between
leadér and terminator in a sample-free mddei.

éuth a one-dimensional system haé no physical existence, but
may approximate isotachophoretic behaviour under ideal conditions.
It is, therefore, a first step in the theory from which the three-—
dimensional case may follow if the radial and longitudinal non-
uniformities of real systems can be estimated. Such non-uniformities
inciude the effects of radial and longitudinal temperature gradients
and the various property wvariations which result from them, electro-
osmosis, electro-convection, and gravity-dependent phenomena such as
sediﬁéﬁfation and thermal convectionl Fufther corrections are also
required for partly ionized compoundé an& macromolecules,

A theoreti;gl prediction of the thickﬁess of isctachophoretic
interfaces is of importance in evaluating the maximum resolution
of the‘method for preparative applications, and in determining in
what ways experimental paraﬁeters may be varied to achieve optimal
performance.

A list of symbols is printed at the end of the paper.

- PREVIOUS WORK

Previous work concerning the determination of the interface
thickness has been restricted for the most part to one-dimensional

interfaces (i.e. no variarions in a radial directiun, steauy Stave
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conditions) between two essentially 100% dissociated electrolyte
éolutions having a common counterion. The effects of electro-
osmosis ana cemperafure gradients have been dealt with onity ia a
qualitafivé manner. The basic differences between the various
analyses to date lie in the additional assumptioms mad; in éach
case to render the problem tractable.

Longsworthll obtained solutions for the concentration profiles
of lgader, terminator, and counterion for the case in which the
mobilities of leader and counterion were equal and twice the mobility
of the terminator. In his analysis he imposed the condition of electri-
cal neutrality throughout the entire system. While this is certainly
trué for points rermoved from the intérface region, Gausé's law requires
some net charge to exist (however small) in the interface region
in order that an electric field gradientrexist there.

Martin and Everaert52 consider the case where leader and termin-
‘ator mobilitiesrare approximately egual and assume.that diffusion
effects can be éhatacterized by a single-diffusion coefficient for
all three ion species. Their results do not chow a dependence of
frent thickness on counterion mobility. They and Rout512 rewrite
the Kohlrausch regulating function to account for partial ionization
and compartmentalrpﬁ differences, with attendant mobility and con-
'centratién differences.

Westhaver13 considers the case of a very thick interface where
there is a s;all mobility différence, the interface vepresenting

a form of frontal enrichment.
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Konstantinov and Oshurkoval4 consider only the species continuity.
equations for 1eaderland terminator and obtain solutioms for the ratio
of either leader or terminator cﬁncentration to the sum of the leader
and terminator concentrations. A similar solution is obtained by
Routs15 for the ratio of leader concentrétion to terminator concen-
traticn.

Hall and Hinckley16 cbtain solutions valid at points removed
from the vicinity of the interface and then estimate interface thick-
nesses for all three ion species from this, Hinckleyl7 has predicted
that the interface thickness should be inversely pfopnrtional toAthe
leaéer voltage gradient on the basis that diffusion depends on beth
mability‘and concentration gradient, and the latter increases with

15).

reduction of interface thickness (cf. Routs
. 18 . .
Brouwer and Postema consider the unsteady problem but neglect
diffusion, thus arriving at a steady state in which all components
arc separated into distinct compartments, each compartment containing

only one component, and hence do not obtain estimates of interface

thickness.

GOVERNING EQUATIONS FOR THE ONE-DIMENSIONAL INTERFACE

The governing equations for the one-dimensional interface in
isotachophoresis are the species continuity equations for the leader,
. terminator, and common counterion, and Gauss's law. These may be
written as |

*
in ok

"k .
3¢ Y V-unnke ) = DIveny (i)
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£k *
s;—- -+ V-(u2n2§ ) = Dzvzuz- (2)
dn3 kak * '
2t Ve (ugn3E ) = D392n3 _ (3)
£ * * *
v-E =.%; (ny +np =n3) . ' (%)

If variations in properties over the cross-section of the tube

are neglected, then the above equations may be simplified to give

* *_x *
3y 2(mE ) 32n1 )
3 T W —‘ax* = Dlax*z )
x « % . *
an, A(n,E ) 32n,
v +u2—;;;—_“‘=1)2;,;z (6)
* *_* *
ong 3(n3E ) 32n3. ' ‘
T VT _w T TPz (7
X ‘ x
9 * q_ * * * :
;—*-=E*(n1+n2—n3) . _ (8)
b

Transforming the problem to 2 coordinate system moving with

. Sk . -
the interface by putting % = x -~ Ut, the following is obtained:

d2* *

n] d * % dny

LGz Mg (mED UG &
2* ®
d n» a * % dn2 X

D2 g3z = W2 gg (mE) -V (10)
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2 * *
d nj g— x & ‘ dn3 1

* * *
TSR NP P .

gL . 2)

Equations (9), (10), and (11) may be integrated once to obtain

*
dny * % *
D, i ppmE - Un; + G (13)
- %
dnp *_% # ‘ :
Dy 7z = HpusE = Uny + Cp (14)
%
dn3 *_% *
D3 5z~ = —u3n3E - Uny + C3 . (15)

The boundary conditions are:

X -+ -~ n; + N

@1e6)

a7n

Applying boundary concditions (16}, 2nd noting that mE

A-“ LB

B~ U

4

equations (13), (14}, and (13) becoue
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f

dn, x_* * _
Dl '&— = pyymE - Uny . {18)
Lk
. dny *_%k * _ C
Dz —(Iiﬂ = ‘,.lzan et U‘nz (19)
- |
dng C ok k x
_D3 'a...:—' = -u3n3E - Un3 + .EAN(]JI + U3) o {(20)
According to the Einstein relation D = Bgzn For monovalent

HEE-. Using this, and introducing the

ions, this is equivalent to D =
dimensionless variables n, E, and x, equations (18), (19), (20), and

{12) become-

dn) oo ‘ . ‘
- “mE-m | (20
dny nz
e = nyE - 'E—z“’ . , : (22)
-é'x— = —n3E - B“; + 92(1 + 1,b3} (23)
dE
B oumy oty . (26

In non-dimensional terms, the boundary conditions become

X F - @ n; 02
ny > 0

B (25 a,b,¢,d)

ny g 62

E+1
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x -+t = n; 0
np -+ 1
(26 2,b,~,d)

n3 > 1 .

E -+ 0; .
Eliminating E from equations (21) and (22) gives
X

«
ny = n)Ce .

Choosing the origin at the point where n] = ny gives C = 1, thus

n, = me’ . o (27)
 From egquation (21)-
dn1 i
E=1+1/nm,y = (28)
Thus

d2n dn )

E _ _1° ! 1,2
HonzmEr -G (2%

Substitution of (27) and (29) in (24) yields

nl'l . n1'2

ny = n)(1 + eax) - £ + € (ET—) . {30)

nj

dn,

vhere nl' = 'a';(—

, etc.

b
=
[
7

nl“l"' - “1'“1"

na' = nlaeax + ' (1 + e®™) - &g a
1

.2n12n1'n1'

T e " ) . (31)




Substitution of (28), (30), and (31) in (23) gives

inlanl'(l + ™) + n %™ - eny?n; "' + eny2ny''(3 ~ B)

=~ eny*3 - enjny'ng"' + Benpng'? + Bny (1 + &)
ﬂez 3 & ’
o 1_92 n1 = { . (32)

The last term in equation (32) is obtained by using the rela-

tionship
(33)

B = (1+1/b3) = af(1-8) .

- This may be obtained by applying boundary conditions (25) and

(26) to equation (15) after it has been put in dimensionless form.

Boundary condition {25) yields as before

C3 = 85(1 + 1/b3) .

Boundary conditiOn (26) gives

Ci =0, + 1/b3 .

Equating the two expressions for E} gives
e, (1 + l/bg) = g3 + 1/'03 .

Noting that b,5; = 1, equation (33) is obtained by algebraic mani-
9

pulation. Equation (33) has been described'by Kohlrausché and Weber

and is known as the Kohlrausch regulating function.

Equation (32) may be rearranged to give
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'_n]_"' nl'l nl' 3

Ty aX ax - _ S
2ny'(1L + e ) + njee S + £ 1 (3-8) E(nl Y
n;'n;'’ ny ' afs
e IR =

SOLUTION OF THE PROBLEM

The problem consists of finding a solution for equation (34)
which satisfies the boundary conditions (25) and (26). The nature
of the problem and the boundary conditions indicate the general shape
of the solution curve (it might be referred to as a distorted sigmoid).
The results of the aforementioned references tend to confirm this

statement. Hence we assune a solution of the form

82
; u+wun“@”1 2
Hence
ezeux
n =

a + p@e?CHN

It is seen that boundary condition (25 b) is satisfied if

${x) < (a¢/NPx .

Boundary condition (26 b) is satisfied only if the following conditions

sre met:
(1) ¢(x) = (a/Ny)x
(2) ¢{(x) = K (2 constant)
Na :
(3) K- _
P l.
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Hence the assumed sclution for nj becomes

82 ' :
m= (l + KeﬂX/Nl)Nl (36)

where
K= 921,N1 ° _ ' (37)

It is easily seen that equation (35) also satisfies the other boun;
dary conditions.
Substitution of equation (36) into equation (34) yields an equa-
tion of the form |
£(x) =862 . ' (38)
As an indication of how well our assumed solution satisfies

equation‘(38),'we define the error in the system to be

100[£(x) - R6,]

Error (%) = ge, .

In general, the error will be a function of x, and the exponent
Ny must be chosen in such a way as to minimize the maximum error for

each set of experimental conditions considered.

RESULTS

A numerical search routine was employed to determiﬁe the optimum
value of N; for each set of ﬁarameters considered, the cdleulations
being performed on the CDC-6400 computer at the University of Arizona
Computer Center. The optimum value of Ny and the resuiting maximum

error were found to be highly dependent on 6, but éssentiélly inde-



pendeut'of a and e. The variations of Ny and the maximum error with
6, are shown in figurés 1 and 2 respectively.

The values of interface thickness for leader and terminator
ions were found to be eqqal and highly dependent on a and 93, but
independent of €. This same parameter dependency was foqnd to be
true for the counterion and electric field interface thicknesses.
The variations of interface thickness withla and 6 are shown in

figures 3, 4, and 5.

. PISCUSSICOHN

As can be seen from figure 2, the assumed solution satisfies
the governing equations with negligible error for €5 > 0.75. The
error increases rapidly for decreasing 93. At 83 = 0.5 the maximum
error is about 7.5%. |

A comparison of figures 3 and 4 shows that 63 is less than ¢
and §,. Tﬁis result was also predicted by Hall and Hinckleylﬁ.

A comparison of figures 3 and 5 shows that for large values of
65, GE is approximately equal to §;, but that for small values of 0j,
GE is considerably greater thar §;. Since 2 common means of determining
§) experimentally is to measure SE’ 1t would aﬁpear that at low values
of 0, this method would give valués of §; which are larger than they
should be. However, since it is for low values of 8, that the error
in our éalculations is very large, this may not actually be the case.

As a numerical example for use in comparison with the results
of pravious analysés.we consider the conditions given in Table 1.

Tus LNE parameters givea, figure 3 gives &; = 27.68. This is &
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dimensionless interface thickness, aﬁd it may be put back into dimen-

sional form by employing the definition of the dimensionless distance

x given in the symbol table. Thus
§,kT
E,

A =

For fhg conditions given this yields an interface thickness A of
0.027 m.

Martin and Everaert32 predict an in;erface thickness of 1.2 mm.
from the results of their analysis. Applying the data of Table 1
to the formulations of Hall and Hinckley16 and Konstantinov and
Oshufkovalb gives values of 0.0038 mm. and 0.0ils mm. respectively,
although the latter is based on a definition of intefféce thickness
different to that used here.

. Arlinger and Rout520 uéing an UV detector detected interface
thicknesses of less-than 1 mm., and Hincﬁieyl7 has detected alkali
metal interfaces of 0.2 mm. or less with # D.C. ﬁlectrometric de;'
tector, although exact measurement is difficult because of the short
distances involved. |

The concentration and electric field profiles for the conditions
of Table 1 are shown in figure 6.

Since the non-dimensional interface .thickness is seen to be
independent 6f €, the variation of dimensional interface thickness
witn terminacor voltage gradient (and hénce leader voltaée gradient

! .
since thay are proportional) may be determined directly from the

definition of x. Thus
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61kT 61 (1-a)kT

A= = .

qEA qEQ

Interface thickaess is seén to be inversely proportional to
the terminator or leader voltage gradients with the tempera&ufe of
the system as a parameter for a given §;. This variation is depicted
in figﬁre 7 for a value of 6, equal to 30, and is of the form pre-

dicted by Hinckley17 on the grounds previously mentioned.

éONCLUSIONS

The approximate solution given is seen to satisfy the governing
equations for the one-dimensional interface in Isotachuphoresis with
a maximum error of 7.57 for values of terminator té leader concen-—
tration ratio greater than 0.5. It yields valiras of interface thick-
ness which are less than those of previous analyses, aud this pre-
diction seems to be in line with experimental observations. It is
seen that the sum of the concentrations of leader, terminator, and
counterion in'the region of the iﬁtérface.is very small but not zero,
in accordance with Gauss's law. The interface thickness is found to
be inversely proportional to the leader voltage gradien; as pre-

dicted by Hinckleylj.
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LIST OF SYMBOLS

_MEANING _

Pimensionless mobility

= uzlul
Dimensionless mobility

= v31u1

Integration Constant

Integration Constant
Integration Constant
Integration Comnstant

Integration Constant

Terminator Diffusion Coefficient

Leader Diffusion Coefficient
Counterion Diffusion Coefficient
Electric Field

Dimensionless Electric Field

= E/EA

Electric Field In Terminaror
Zone

Electric Fielid In Leader Zone

Electronic Charge

‘Constant

Boltzmann's Constant

C-22

_UNITS

ions
cm?sec

{ons

cmzsec

Jons

szsec

em?2/sec

em?/sec
cm?/sec

volts/cn

volts/cm

volts/cm

coulombs/electron

erg/°K



nz

n3‘

Tonic Number Density In Leader
Zone :

Ionic Number Density In Termi-
nator Zone

Constant, Exponent in Assumed
nj Sclution

Terminator Ionic Number Density

Leader JTonic Number Density
Counterion Ionic Number Density

Dimensionless Terminator Ionic
Number Density

Dimensionless Leader Ionic
Rumber Density

Dimensionless Counterien Jonic
Number Density

Ionic Charge
Temperalture

Time

Speed of migrating ions

DPistance Along Axis 0f Tube
Refered To A Fixed Coordi-
nate System '

Distance Along Avxwis Of Tuba
Refered To A Moving Cocr-
dinate System

Dimensionless Distance Along
‘Axis Of Tube Refered To A
Moving Coordinate System

vr}E

A
kT

=

-Pimensionless Parameter
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ions/em3

ions/cm3

ions/em3
ions/cm3

jons/cm?

coulombs/ion
°K -

sec.

cm/sec

CIn.




e®

-y
H2

W3

DiﬁensionIESS Parametér
by + 1

- b3

Dimensionless Termipator
Interface Thickness

Dimensionless Leader Inter—
face Thickness -

Dimensionless Counterion
Interface Thickness

Dimensionless Electric Field
Interface Thickness

Dimensional Leader or Termi-
nator Interface Thickness

Dielectric Constant of the
Medium

Dimensionless Dielectric
Constant

2.%
EA €

kT™

Dimensionless Electric Field
In Leader Zone

= EB/EA= 1-a

Dimensionless Number Density
In Terminator Zone
b391 + 1

= N/M = W

Mobility of Terminator Ion

" Mobility of Leader lon

Mobility ¢¢ Countericn

Function of x in Assumed
n; Seolution

Function of x in Assumed
n] Sclutiom
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farad/meter

em2/ (volt sec)

em?/ (volt sec)

em?/ (volt sec)




i2.
13.
14.

15.

16.
17.
18.
19.

20.
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TABLE 1

EXPERIMENTAL PARAMETERS

*
n = Sodium

. . -

nz = Potassium

* .

n3 = Chloride

T = 283 °K

= 35.98 x 10> cm?/(volt sec)

L3
pp = 54.4 X 10—5 em?/ (volt sec)
py = 55.25 x 10”5 em?/ (volt sec)
Ep

M= 1 millimolar

250 volts/cm

ek = 7.4471 x 10

0 farad/meter
a = 0.3386
8, = 0.79494

e =1.98 x 1077
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FIGURE LEGEXDS

Figure 1 Variation of Ny with 9,

Figure 2 Variation of Maximum Error with 6;.

Figure 3 Leader and Terminator Interface Thickness.
Figure i. Counterion Interface Thickneés.

Figure 5 Electric Field Interface Thickness.

Figure 6 Concentration and Electric Field Profiles.

Figure 7 Variation of Interface Thickness with Terminator Voltage
Gradient. :
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RADIAL TEMPERATURE DISTRIBUTION I TSOTACHOPHORESIS

COLUMNS OF CIRCULAR CROSS-SECTION

1. Statement of the Problem

The assumptions given in section 3 of the main report are

" made. Mathematically the problem may then be stated as follows:

((a Kl ra7‘)2= M _ K , 02r=<R,
I

roor dr It f? ¢,
L9 a‘f" R<reR
—_— t — —
Kz{r‘ ar ’ 2
T = Ty at r = Rl’ t>0
aT, 3T v
klar = kzar at r = Ry, t»0

T, finite at r = 0.

T,
kzgr—"'l' h(T2 - Tm) =0 atr = Rz, t>0

Ty =T_din O<r<k; , t =0

T, in Ry<r<R; , t = 0

T2

Ihe symbois have their customary and/or obvious meaning.
We introduce the dimensionless varizbles

T-T ' Kt
T ’ R * "7 o



and assume that
’ = = 2, = 2
Qe Qo(l + a?) JE4g JE 00(1 + aB)

where the heat generation per unit volume and the electrical

conductivity are denoted by-Qo and 9%, respectively when evaluated

at § = 0. 2
. QORZ
We alsco denote g =
kT,
hRz
and Y = —E;
and E1 = R1/R2 o

Then the statement of the problem in dimensionless variables is:

..n____@_(;,a_ei . K 29 , £ 25=1
£ JE 25 K, & .

8 = 6, at £ = Ey

a6y 362

—— = e r = £,
klag kzag | at § 1
8; finite at =0
aflg
SE—'+ Y6, =0 at g =1

6y = 0 in 0<£<gy , 1 =0

6 = 0 in £3<£<1 , T =0
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This problem is split into steady state and transient parts

by writing
8(E,1) = 85(8) + 05(E,1) .

2. Steady State Problem

1 d (£98 e o® .
FliF)--s(-<8’) , oss25
_L_.Jél ‘!6%5 - L £ o
fag(fag)'a , £ =5=1

85 = 85 atg =2, ; o finite at £ = 0

a0} des
k]dg = kZdE at £ = &,
ae5 . ‘ -
—E + 762 = 0 at § = 1

The solutions are
i

6' = 4TS -% , p==S
6&5 = /qz [J&7§."'§T:I
vhere,
. L |
and " S[m(ps) v e pe T (ps) i 57 3

_ 4 P2 Ti(ps)

A, =
o« [T(p5) + 4p5708) P8, - 131
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3. Transient Problem

£.
L2 (26, 28 _ 5@, 0=k£=5
£ 28 o3 OT
.
= (552) = 5 ;T
§F Jf of Ky JT
. ‘
6y finite 2t £ = 0
oY =85 at £=1£, , 0
EY}i 365
kiggm Sk b=, 0
305 . .
EE—- f Y65 =0 at g =1, 10
t s . :
8] = -0} in 0_<_£f_£1 , T =20
65 = —63 in £y<g<1 , T =0

This problem is solved by the method of Tittle#*,

We seek a solution of the form

6";( £z) - Z An X, & ST
‘ - N=f

in region j; j = 1,2.

It is easily shown that for regicn 1 we must have

xln(E) = Jo(llng)

* Tittle, C.W., "Boundary Value Problems in Composite Mediai Quasi-
Orthpgonal Functions', J.Appl.Phys.,¥ol.26,N0.4{1965},pp. 1486-1488.
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where'hfn = 82 + B%n and Bln'are the eigenvalues and a3;= 1.

Similarly for region 2 we obtain
X2, = Bn[Jo(anE) + CnYo(ani)}

and an = KZIKI'

© The eigenvalues an are related to Bln by
2 2
Bln = azﬁzn

The boundary condition at & = 1 leads to

Y% (fn) = 65T (8..)
Pon Y (Bu) - Y, (ﬁzn
Then equating 6% and 6% at € = £, gives

| % (0. 5)
[:F(pz.. )+(-’ Y(ﬁmf)j

391 392
Finally equating klag = k23£ at £ = £ gives

C, =

n":

kidy J10g £1) = kaBp B [31(8p £1) + € Y1(B2 £1)]

as the transcendental equation to be solved for the eigenvalues

Bln {(or an)-

The coefficients An are then given by

£

§ Feflx., Fae+ (R )f 6 ]K, s.4¢
f )(,n $45 + (1 ,ﬁ’,,)me;a,;

C-39

4, =




The various integrations may be performed giving:

£ -
So -a°[x, £s¢- 2 {— T0.5)- 2z (p5) T00.E)-8T0.5) (551

A; "

S[ 6 ] X, E42 7N [T(ﬁu ff(ﬁufﬁ e, {rp-5Y, p’,.f)f]

- -’—’=—-—n— % |- SAET( )t { Jl(ﬁ.)#l’;(ﬁa..i)f] |

/4, 8, C. o ) \
~ TTh. ["»Wif,"f(ﬁz.ﬁi)+é;{f‘o(ﬁ.)*£(ﬁi)ﬁ

]

_——[‘T(Am; H\ .-]

B f'x,ff/f

f,\ faﬁ's*

B! [f[z(,@u)fa,r(ﬁz YRS SA A AT

-8 cngan)] - £ %550 AACRIT J

The problem is now ready for numerical computations.
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TEMPERATURE DISTRIRUTION IN ISOTACHOPHORESIS

COLUMNS OF RECTANGULAR CROSS~SECTION

1. Statement of the Problem

at B

[ 175 75 s s 4L LN L L S8 s Sk
" © 5

b B 4 — o £
/ C

T S AR
A A A A A WA A AR Z T
= W

The assumptions are the same as those given for the problem
treated in Appendix II with the addition that we now treat the
side walls of the column as perfectly insulated.

In terms of the dimensionless variables

T-T Kt QH
6 = T s n=y/H, and t = — and writing § =
o H2

the problem is:

X6 _ 26 _
79 = 52 -S05<8) | oanen, , 00

2%, . Ki 28,

—r————

Sqt C K, ac 2 hEnel, 7?0

where ny = H;/H»
30,
6, is finite at n,= 0 with T = D (by symmetry).
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8; =90, at n = n , >0

a8, 20,
k'j"é-;]—*= kzsn—~ atn=n; , T?O

392 . th'
3;—-+ Yo =0 atn =1 ﬁhere 1‘= _E;

As before we resolve the problem into steady state and trans—

ient components by writing

8(n,7) = 8%(n) + 6%(n,1).

2. The Steady State Problem

a
L
R

: -S{1 + aef} » ‘O<n=zm

—d._..g.?_ = [) ’ s nlinil

do} dej

kla;l-—= kz*c:m—- at n = ny
S

de

..._L= =

an 0 at n H

des s

Eﬁz tY0; =0 atn =1,



where-

{

A, = ,
<[ cos(px,) +fﬁ psintpn) {0r-1)- 341
£, :
Ao = - Z. P sih(fr)

i[cos(pn,) +:Z%‘-st'"(f?,} {tn,-1)- ’3'5)]

3. The Transient Problem

2.t z 2 £
J?z ST s i
24 % ¢
A - ..g_.'.. _--—-—-99"Z J %é’]éi
t t '
6y =8, atn=mn
TH a0
kl’;—}'ﬁ— = kp_'é‘;l‘—‘ a_t n=n;
39,
-5;l-—= 0 atn=20
205 .
—— = =
P Y6 =0 atn=1
BE = -6? in 0<n<n; at v =0
t s
0; = =6, din my<n<l at T =0 .

Again we seek solutions of the form

' -.(('.E'“r.
Q- (’Z,‘E)"' Zﬁﬂxj,‘('ﬂﬁ ot in region j; j =1,2.
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In region 1 we easily show that a; = 1 and that

‘ o 2
xlﬁ(") = cos()\lnn) wuere 3\1121 = Bln + B

and the eigenvalues are the Bln'

Similarly in region 2 we find that o, = Kp/Kj,

Xz, = B [cos(Bz n) + C, sin(Bgnn)]

and the eigenvalues an are related to Bln by
2 _ .2
B]n agszn o

ST ST

e PRI ey e e O A 2y e g
The 'boundary cordition at n = 1 Téads to

Ponsin ...} - Y €05 (§..,)
Pan €058, )+ ¥ sin (8)

Equating ef and e§ at n = n; gives

n

B, = ' cos (A,
Leos(@an) + Cosin(gun,)]

and the remaining condition at n = n; yields the equation for the

eigenvalues B8 (or an) as:

k1ﬁ1nSin(l1nn1) = kgBZBBn[Sin(annl) - Cncos{BZnn1)]
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Then the coefficients An are given by:

f[ X1y + %;’é*)f"f X0y

i}

me () + ( -’;‘;— LX,_., () dy

Again the integrations are easily performed and the problem

is ready for computation.
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COMPARISON OF "EXACT" SOLUTION OF STEADY STATE TEMPERATURE
DISTRIBLTION ASSUMING CON>TANT THERMA. PROPERTIES WITH A

STEADY STATE PERTURRATION SOLUTION PERMITTIRG LINEAR
'~ TEMPERATURE DEPENDENCE OF TEERMAL PROPERTIES

1. The Constant Properties Solution

The solution of the stead& state problem assuming constant
thermal properties {density, specific heat, and thermal conducti-
vity) has been given in Appendix II. For the special case where

T = T at r = R, we have:

oo | % (63) | - L
. - cc[i]" /%.' o
S(p5)+ R B2 T(p5) 00 £, ]

From which the maximum temperature, at { = 0, is

s _ 1 /

5: oc f J B
5«x [Tep8) +/:§_; BS ’ (Be) fn g !

"For the purposes of obtaining a numerical comparison with the
perturbation solution given below we have chosen the following values

., for the parameters involved.

£y = 2/3 C a=7.75 8] = 0.1355
max
ky = 13.9 x 10 | emoe-%% ky = 2.6'? x 10 PP
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The values of ki and k; are average values for the range of

8% considered,i.e. Qjﬁ?ﬁﬁ? .
max

Solving for g = vaS then gives a value for the maximum per-
missible value of the dimensionless heat &ource strength S.

We find that S = (0.480.
, max _

2. Perturbation Solution for the Steady State Problem

The statement of the problem in terms of the dimensionless

variables is
| 48°
! d sy 270

S ALG L )57 )

J - BEN ' £ ';
4 g\ e% | = £ =4
4§[§(f+S‘L)J§ =0

i

-S(t+=87), o0zfc¢

£

I

where now k; = kyg(1 + B,8})

kp = kpo(2 + B,03)

and ky;, kpp are the values of ky, k, at 8? > = 0.
3 .

Boundary conditions are taken to be

B = 0 at § =1

s s
Hh = 62 at g = g,
ae} ae3
kld£ = kng at £ = g'}_

and the temperature at £ = 0 must be finite.
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We proceed by assuming that § can be expanded in terms of a
power series in the dimensionless source strength S

0°(5;5) ~ sE()r s (5)+ STEE)+...

GS(E;S) ~ sB(E) +SB(5) + S (5)r.. , §EF= L

The obvious procedural steps are not reproduced here, instead

we shall quote the solutiom of 8? which we require for comparative

purposes
We obtain the following:
B &> ﬁf
o - s[e- £ . o[-0 BE- £ B
[ F ( ‘:;4- 44
where, o=z 5= §

2

&

:o_é?j’fh‘g' . |
) £, 5%
) ()85 E) B2

A 8" 8,3,’-_55}
"72""“151(‘_2# g)

—

(03]
t
"%\QN

D= CA
Lo
c= 7= (b-2)( &5

F4
J
o

A!o
A= . Tz

““‘1 ‘«v N

For 8? at £ = 0 we then have simply
max

S =8By + 8%, + ....
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Rumerical calculations assume the same values used in section

1 except that now we use

| = b —--E—a-l—-— = L _C_a:!.__
kZO = 26 x 10 cm-s-°K » k10 = 13.19 % 10 cm-s—“K
By = 0.42 , By = 0.808
We now find a value for S .
max
smax = 0.576 (varigble properties)

This value may be compared directly with that obtained from the
perturbation scheme by setting B; = B = 0 and replacing kigs kog
by the éveragervalﬁes for ki,kz used in section 1, in which case
wve get

Smax = 0.561 (cqnstant properties).

Thus we see that within the perturbation steady state solutiocn,
takén to twe terms, the effect éf neglecting thermal property var-
fations leads to a difference of some 2.5% in the calculation of
Smax' Furthermore we note that the result obtained by assuming

constant properties is conservative.

3. Comparison With the "Exact' Selution

It will be noted that the value of Smax = 0.48 given in section 1

is some 14 1/2 % below that obtained from the two-term ﬁerturbation
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method also assuming constant properties; This however.is a result
' of relatively slow convergence of the perturbation expansion. We
have contiaued the expansion to tiree terms (assuming coustant pro-—
pérties) and then obtain Smax = 0.51 which is only 6Z higher than
the “exact” solution. We conclude thereéfore that the errof in ne-
glecting the thermal properties dependence on femperature is justi«
fied and is probably less than 3% in view of the comparisons made'

- within the perturbation solutions. Moreover the "exact' constant
properties solution gives a conservative answer and 1s therefore

safe for design calculations.
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REPORT BY THE EXPERIMENTAL GROUP
by

M. Bier and A.]J.K. Smolka .

1 - Introduction
2 - Isoelectric Focusing on Densitjr Gradients

3 - Isotachophoresis in Density Gradients
and Gels
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INTRODUCTION

Literature available at the beginning of this contract year indicated that lsotachophoresis
shows particular promise on two levels: (o) as a fost analytical method for the quantitation
of low molecular weight electrolytes, Severa! commercial instrument manufacturers, includ-
ing LKB in Sweden, Philips in Holland, and Brandenburg in England, had, at one time or
another, active programs in this direction. Mr. Hinckley come to Tucson, from direci'ring
the Brandenburg effort. (bjthough published literature indicated that isofachéphoresis has
poorer resolution than the so-called high resolution techniques, i. e. isoelectric focusing;
high density gels, or immuncelectrophoresis, it nevertheless had considerable appeal as o
preparative electrophoretic technigue for profeins. Its resolution is potertially better than
that of conventional zone electrophoresis, but its main attraction is its ability to separate
much larger quantities of proteins than any other method. This aspect of isotachophoresis,
received, however, only minimal attention from both commercial companies and the individual
researchers,

The possibility of applying isotachophoresis to cell separation was not raised anyw-here in
‘the literature, and was first proposed by the P.l. in various meetings of the USRA Committee
on Electrophoresis, There were no cbvious theoretical re.asons why it could not be so applied,
except for the practical difficulty of avoiding grqvifyi-cuuséd disturbances, As Nasa's program
provided a unique approach to the gravity problem, the experimental program had for its pri-
mary objective the invesﬁgcﬁon of this attractive possibility,

The experimental appreach was as follows:

(e} on the one hand, it wos necessary to obtain a werking knowledge of isotachophoresis as a
preparative tool for the separation of proteins. While literature was full of promises in this

direction, no serious effort had gone into it, Best resolution of proteins is obtained in gels,
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thereby avoiding all gravity probie.ms. A lorge part of our ef.forts went therefore into protein
work with gels,
(b) On the other hand, éeparctions of cells require working with free solutions. One-of the
methods which is partially successful in overcoming gravity effects is working in density gradi~
ents. This is most often used in iscelectric focusing. We had therefore ¢ modest effort in
this direction, mainly geared to gaining a working expe'r_ien-ce in density gradients, and ap-
plying them to isotachophoresis. |
(c) Extensive laboratory work went into preparation for the Skylab experiment. Though, con~
ceptually, this work should be included in the present experimenf.al section, it was thought
more appropriate to include it in the section dealing with all aspects of the space experiment.
() Fi.nally, density gradients are not applicable to work in zero~gravity, and obscure some
of the phenomena which arise in free solution, notably thé effects of electroosmosis. We have
therefore undertaken extensive studies of other palliative means to circumvent the effects of
grovity. These include working in narrow horizontal capi‘lluries, where viscosity effects mini-
mize the gravity caused convection. Several modiﬁccﬁ't;ns were fried: the use of very high
“electrical fields to accelerate the process; the addition of viscosity increasing colloids to the
liquid system; and rotation arcund the axis of su‘ch tubes. None of these methods have suc-
ceeded in preventing the disastrous effects of gravity on isotachophoretic fronts. While it is
easy to demonsirate in such systems some of the characteristic phenomena of isotachophoresis,
such as boundary sharpening, restoration of disrupted boundaries, etc., these effects were
always only transitory. Basically, while capillary work has been used extensively with small
molecular weight ionic substances, where concentration differences between sample and buf-
fer are less.er, they are unusable with high molecular weighf substances, such as proteins and

cells,
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Organizationally, Mr. Hinckley wos largely responsible for the last approach, described
under point (d) , while Mr. Smolka has carried on the studies on the first two points. Both
have collaborated on the Skylab experiment, Mr. Hinckley carrying out the preparative ex-
periments on the red cells, Mr. Smolka those on the proteins. Obviously, these distinctions
were only nominal, as there was continued inferacﬁc.:m between these two collaborators and
the P.1.

Mr. Hinckley came to this project with a substantial écst experience in isotachophoresis.
While much of his prior work was directed towards analytical purpoges, it obviously had a
substantial impact on our work, including that of the theoretical and engineering groups. 'He
therefore felt compelled to write @ major survey of the whole field of isotachophoresis, rather
than restricting himself on covering only the work ccn:ried out under this contract. Unfortun-
ately, this reporf is not yet available. Not to delay further the submission of this report, it
has been decided to eliminate his section, and submit it at a later date, as an independent

contribution,
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INTRODUCTION

-

1. Purpose of the isoelectric focusing experiments

Our studies of isoelectric focusing were governed by the following objectives,
A. To gain a working knowledge of anticonvective stabilization i)y means of density
gradienf. Stabilization of boundaries using suérose den'sity‘ gradients is widely used
in isoelectric _focusing, and we wanted to start wi.th a well documented technique
before ventui:ing into the use of this stabilization mode in isotachophoresis. Inst-
ability of électrophoretic boundaries is caused by density gradients arising mainly
from two sources; temperature gradients due to Joule heating and radial cooling
of the véssels, and differences of density between pure buffer and protein solutions
{ or cell suspensions ).
B. Isoelectric focusing is recognised as a standard of high resolution in protein
electrophoresis, We used tﬁe techﬁique to compare its resolution with -that obtain-
able by isotachophoresis, |
C. In isotachophoresis, separated compartments of proteins ( or any other materials)
are contiguous, without intervening zones of pure buffer. With hemoglobin and
ferritin for example, the best separation by isotachophorgsis would result in conti-
guous zones of brown and red proteins., To increase the visibility of such-a separa-
tion, a colorless spacer is most desirable, Thé commexcial product, Ampholiné,

* .
marketed by LKB, is frequently used for this purpose. It is available commercially

in fractions of rather wide pH and mobility range. We used isoclectric focusing for

* LKB Instruments Inc,, Rockville, Md,
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finer subfractionation of Ampholine,

D. .. Electroosmosis has a .disruptive effect on a number of electrophoretic

techniques, including miscroscope electr;:)phoresis ( 1) and the continuous method

of Hannig ( 2 ) and Strickler ( 3'). In the Apollo 16 experiment, electroosmosis

was the ﬁain cause of boundary spreading due t6 the Parabolic shape of the sepa-

rated late}; zones, However, electroosmosis is not apparent in other electrophoretic
techniques, including Tiselius electrophoresis and isoelectric focusing. Part of

our studies was directed towards elucidating the role of denisty gradients in elimina-
- ting ox masking the electroosmotic effects,

"2, Principle of Isoelectric Focusing

Isoelectric focusing, a method pexfected by Svensson ( 4 ), occurs whena d.c.
potential is imposed on an electrolyte system containing the ampholytic molecules
to be separated in which the pH increases steadily from the anode to the cathode.
The ampholytes? which may be proteins, migrate toward one or other of the elect-
rodes, depending on their net charge, until they reach a region where the pH of the
electrolyte is equal to their isoelectfic point. Since proteins have no net charge at
their isoelectric point, they cannot migrate any fu;:ther, and if conditions are suitable,
they will form a narrow stable zone, the sharpness of whose boundaries will be
determined by the degree of diffusion of the protein into the electrolyte. Since the
isoelectric point of a protein is a function of its aminoacid composition and sequence,
anst the degree to which functional groups are exposed on the surface of the molecule,

every protein has a characteristic pl, so that focusing of a mixture of proteins results
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in the formation of séveral discrete zones of prétein ‘material, each homogeneous

as regards its 'protein content. Furfhermore, because all proteins are characterised
by. steep titrétion curves, theéé zones are extremely thin and highly concentrated, |
The theory and practice of isoelectric focusing has recently been reviewed by Haglund
(5).

3. Stabilization against Convection

A large nufnber of methods exist to provide ste;bilization against convection in
liquid systems { 6 ). Inthe preéent experiments, sucfose density gradients were used
to sup;;ress convection. Density gradient solutes must meet certain specifications in
order to be useful; they must have good solubility and low viscosity in watex, they should
_h_avq high density ( the miminum density difference in a gradient should not be less than
0.12 g/cmB), they must not interact with the sample, and finally they must not be ionic
{5). Sucrose fulfills fhese conditions, and furthermore a wealth of evidence indicates
that sucrose has a stabilizing effect (an proteins (7,8). Such a gradient was found to
be very stable, resisting pronouhced tilting of the LII(B‘HO ml column used in this work,
The use of tall columns, however, has certain disadva'ntages, in that the available density
" interval ( using 50% w/v sucrose } is spread over a considerable distance, so that the.
density gradient becomes correspondingly weak, Thus electric potential has to be kept
at low levels to minimize Joule heating. Philpot ( 9} has pfoposed using very short
columns with strong density gradients, the principal advantages being extremely thin
- protein zones and shert run times. This approach has not been investigated in this labor-
" atory, but seems promising as a means of stabilization of isotacliOphoretic boundaries

v

in small glass tubes,



4. The pH Gradient

For isoelectric focusing, the pH gradient should include in its range the predicted
or known plis of the components of the sample, The slope and the conductivity are other
factors of importance. There are basically two forms of gradient, the natural pH gradient,
and the artificial-pH gradient ( 4 ). Since the latter form is not in stable equilibrium, the
majority of isoelectric focusing methods utilize the former. Briefly, a natpral pH gradient
is formed when a d.c, potential is imposed on a mixture of low molecular weight ampholytes

‘ whictll exhibit large variety in their isoelectric pH, and which exert sufficient buffering
action individually to dictate the pH of the background electrolyte, The most acidic ampholyte
migrates to the anode and collects there at its isoelectric poiht. ’i"he next most acidic
ampholyte will similarly migi‘até to the anode, but cannot pass the first because its own
_isoelectric point would be passed. Thus the ampholytes line up in sequence from the anode

| to the cathode, each at its isoelectric point, and eachA c}ictating the pH of the electrolyte
in its immediate environment, Provided the system is stabilized.against thermal convection,
the pH gradient thus formed reaches a stable equﬂibrium. The profile of tﬁe gradient is
determined by the number of arhpholyfes, their bufferir}g capacity, relative concentrations
and the range of their isoelectric points,

Artificial pH gradients are prepared by layering buffer solution; of different pH over
one another, so that a gradient is formed by diffusion.. During electrophoresis however,
such a gradient ‘is destroyed by the migration of bufffer ions,

Vesterberg ( 10 ), who was responsible for the develoi)ment of the Ampholine chemicals,
has summarized the desireable properties of carrier ampholytes as the source of a natural
pH gradjent, LKB Ampholines fulfill there conditions and are available in several pH ranges,
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a) They should have a bufféring capacity at pH values close to their pl to dictate
the pH of a 0.5% protein solution,
by To permit a high degree of resolution the mixture of ampholytes should contain
| isomers which differ in pl by less than 0.1 pH unit,
€) Their solubility must be high in agqueous solution to guard against pfecipitatiou
in highly focused zones,
d4) 'They should have a low absorbalnce at 280 nm to allow detection of proteins,
€) -Ampholytes should be separable from proteins by simple methods éuch as dialysis,
f) Since the field streng‘cﬁ is a function of the conductivity_ distribution of ampholytes,
the latter should be such as to allow éood focusing of pro;ei.ns in the major part
of the pH _grédiéht._

MATERIALS AND METHODS ©  QRIGINAL PAGE IS
- OF POOR QUALITY

1, Isoelectric Focusing Apparatus

A vertical glass column of annular cross-section and capacity 110 mls ( LKB 8101 ),
manufactured for this application by LKB Instruments Jnc., was used in the present experi-
ments (Figl). The column was cooled by circulating water at 4°C from a heat exchanger
- into the thermostatted jacket of the column, The platii_mm wire electrodes are situated so
that gas evolution from the cathode does not disturb the focusing and that electrode decom-
position products in general cannot enter the focusing compartment, The electrodé solutions
are formulated to protect the ampholytes in the region of the electrodes from anodic oxidation
and cathodic reduction. Immersing the anode in 1% v/v sulphuric aci.& gives a net posi;ive
charge to the ampholytes so that they are repelled from the anodé. _ Simil-arly, the cathode

solution contained 10% w/v sodium hydroxide, giving adjacent ampholytes a negative charge,
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Fig. 1 Photograph of the LKB isoelectric focusing
column used in the present experiments

2, Sucrose Gradient Formation

Sucrose density gradients were prepared using the 110 ml LKB mixing device, This
consists of two 55 ml glass vessels, connected at their bases by a short length of tefion
tubing. One vessel, which contains a dense sucrose solution, is stirred continually by
an electric stirring arm; outflow of mixed dense and light solutions is from a nipple in the
base of this vessel. Density gradients may also be prepared manually but this was not
attempted.

3. Carrier Ampholytes

LKB Ampholine chemicals of pH range 5-8 were used in the protein fractionations,
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at a concentration of 1% v/v. For the preparation of large numbers of ampholyte sub-
fractions, Ampholines of pH range 3-10 were used at a concentration of 5% v/v. In
all experiments, Ampholines were added to thé light solution in the density gradient
mixing device,

4, Samples'

Human, dog and sheep hemoglobins' were prepafed by hemolirsis of washed fresh
red blood cells with distilled water, followed by centri.fugatiOn to remove ghosts and cell
debris, The protein concentration was 7g%.

Human gamma-globulin prepared comm_ercially for therapeutic use was diluted to
a similar concentration.

A% w/ v solution of Eva.nsrBlue dye in distilled water was used in our experiment to
étudy electroosmotic and thermal convective effects,

All samplés were stored in the deep freeze until required; befor¢ use, they were
_passed through a 0,22 micron filter to ensure clarity. |

5. Power Requirements

A 1200 volts LKB power supply was utilized in all experiments, The starting voltage
was 600 volts; initial currents were between 2 and 10 mA, and a focusing experiment was
judged complete when no further drop in current occurred,

. 6. Recording of Results

Results were evaluated in two ways, An elution of the column contents at 2 mls/min
through an LKB ultraviolet monitor { 280 nm ) coupled to a 10 mv Sensitivity potentiometric
recorder provided a graphical read-out of the focused p.rotein_zones. Alternatively, the
.results were assessed qualitatively by visual examination and photography of the focused
zones; in several cx*pgrimentg it was unnecessary to clute the column contents since the

emphasis of these experiments was on the structure and stability of focused zones,
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. RESULTS

The present experiments fall into five groups; only one or two experiments from
each group are discussed here, since the objective and results were similar in each
group,

1. Separation of Sheep Hemoglobin and Human Gamma-globulin

These experiments were performed to gain familiarity with the technique of iso-
elegtric focusing using two rather diséimilar proteins, presumed to be easily separable,
A '50% w/v sucrose density gradient was prepared using the LKB mixing device,

2mls of the mixed protein solution, containing 1% v/v LKB Ampholines pH range 5-8,
were added to the light solution, .so that the -sarnple was distributed throughout the
gradient at the start of the experiment, The initial voltage and current were 500 volts
and 2,3 mA respectively, After 25 hours, the voltage was 700 volts, the current had
stabilized at 0.4 mA, and concentration of the hitheﬁo diffuse reddish-brown sample
into an 8 mm bhand had orccurred. The lower elecfrode compartment was sealed, and
the column contents were eluted through the monitor, ‘Three major peaks were recorded
( Fig 2 ), the fixst one béiné gamma-globulin, while the second, which is less regular
and displays several shoulders, is the hemoglobin, The shoulders may represent hemo-
globin allotypes or sub-fractions, and could possibly he resol;red using a narrower pH
gradient, eg. pH range 6.5 to 7.0, The third peak, which was eluted at pH 4.9, is
albumin, a contaminant of the commercial gamma-globulin sample; this was confirmed
by cellulose acetate electrophoresis of this fraction using standardised albumin as a
control,

Another experiment in this group involved the fractionation of 1 ml of the same gamma-
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Fig. 2, Elution pattern at 280nm of fracrions obtained in isoelectric
focusing of hemoglobin and gamma-globulin,
“ globulin solution under the same conditions; a similar trace was obtained (fig 3)
except that a second impurity was revealed, whose presence had been masked in the
. previous experiment by the hemoglobin peak.

2, Separation of Different Hemoglobins

The following experiment was concerned with the separation of basically similar
i)rbteins, a rather more demanding separation than that described above, Two mls of
a mixture of human, sheep and dog hemoglobins were focused on a 40% sucrose gradient
with 1% v/v Ampholines pH range 5-8. Initial voltage and current were 500 volts and
2.0 in A respectively, After 24 hours, the current had stabiliéed at 0.3 mA, and the
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Fig. 3. Elution pattern at 280nm of fractions obtained in isoelectric
focusing of human gamma-globulin,

proteins had focused into 5 sharp bands in the middle of the gradient, although the
coiumn contents still showed a faint reddish colour, in an effort to fpcus the zones more
'completely, the experiment was continued; after 48 ho.urs, hemoglobin began to precipi-
tate out of solution, destroying the separation which had been obtained.

A, Additional experiments nc;t reported here, dealt with the analysis of each hemoglobin
individually, or their binary mixtures, These experiments provideq the basis for later
comparison with isotachophoretic resolution, |

3, Fractionation of Dyes and Pigments

This separation was used to investigate the stability conferred on focused boundaries
by the density gradient. In addition, it presented an opportunity to compare the self-
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sharpening properti.es of isoelectric focusing with those of isotachophoresis.* A

1% w/v solution of Evans blue dye was applied to a 50% w/v sucrose density gradient
containing 1% v/v Ar-npholines pH range 5-8, After 24 hours of focusing, at 600 volts,
a dark blue and a light blue band were observed in the region of the anode. With the
current still flowing, the column was tilted 30° from vertical, then returned to its
normal poéition. Throughout this procedure, thelfocused bancis remained parallel to
each other and to the bench top. Furthermore, an increase in the temperature of the
circulating water in the thermostat jacket of the column, from 4°C to 2060, did not
result in any .noticeahle convective disruption of fthe zones,

4. Influence of Slope of Density Cradients

This groub of expeﬁ:iments was concerned with the extent to which the slopé of the
density gradient influenced the stability of focused houndaries, These expe;riments were
of particular importance in our study of effects of density gradients on electfoosmosis.
They éonsisted of five similaxr separations of three'hemoglolf:»ins ( sheep, h;uman and
dﬁg ), which differed only in the concentration of the‘ Sucrosé density 'gra&ient . Thus
' the stability of the focused zones was assessed qualit.atively in 0%-50%, 30%, 20%, 5% and
0% w/v sucrose gradients, Separation of the three hemoglobins occurred in all but the
last.experiment, in which no separation occurred, the sample remaining evenly dis-
 tributed throughout the length of the column, Separated hemoglobilns showed good resolu-

. tion; their stability was not affected by tilting the column,

5, Ampholine Fractionation

Isoelectric focusing of 10 mls of LKB Ampholines pH range 3-10 was performed using

*cf, "Isotachophoresis on Density Gradients and Gels™ A.]J.K. Smolka, present reiaort
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a 507, sucrose density gradient and the usual .electrode buffers, After 24 hours at 600

volts, the column contents were eluted intd 3 ml fractions, the pH of which was measured.
The indicated pH of each fraction located the general pH region encompassed by the fraction,
while the pH of adjacent fractions set limits to the range. In this way, over 30 Ampholine
fractions were collected; not only can these l:;e used as spacer ions in isotachophoresis,

but their individual pH values, when plotted against frz;lction volume and number, indicated
that the natural pH gradient formed during iscelectric focusing is linear and stable for

af least 24 hourxs.

DISCUSSION

The results reported in this paper showed that density gradients provide focused zones
ﬁith excellent stabilization against thermal and concentration convection, Since both forms
of convection are gravity-associated phenomena, neither are observed in spa ce, and so to
this extent, the use of density gradient stabilization of boundaries on earth is an approxi-
mation of conditions encountered in zero gravity., However, zero gravity does not eliminate
tﬁe problem of electrooémqsis. As electroosﬁnosis is apparently suppressed by density
gradients, which are inapplicable in space electrophoresis, alternative methods may have
_ to be introduced to counteract these phenomena in a zero-gravity environment,

The apparent absence of electroosmotic effects in the present experiments was attributed
to several contributing factors,
A. Electroosmosis is a surface phenomenon, in that chaxrges present on the surface of the
separation channel, will, in the presence of an electric field parallel to the wall, induce a

flow of electrolyte in the direction opposite to the migration of the separands. Essentially,
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electroosmosis is the con-verse‘o‘f streaming potential, which results when an electrolyte
flows across a surface, Electroosmotic flow of electrolyte may carry the sample with
it, leading to parabolic boundary profiles, In the presence of a density gradient, however,
this may be minimized since each element of liquid volume tends to return immediately
to its original density "niche", It is possible that, as a result, there is an électroosmot.ic
d;ensity coxfelated microcirculation of each fluid element in the region of the wall, Un-
fortunately, we have been as yet unable t'o prove thé existence of this microcirculation and
plan further experiments,
B. Adsorption of sucrose, the density gradient solute in the present experiments, onto
the glass walls of the annular separation chanr;el may decrease electroosmosis similarly
to the known effect of more complex polysaccharides, such as agarose,
C. Isﬁelectrically focused zones are self-correcting since proteins will migrate electro-
phoretically to their isoelectric point. Thus any tendency fqr proteins to flow electroos-
motically out of the isoelectric zone is countered by. the migration of the now charged
pfoteins back into the zone, Isotachophoretic boundaries are also self-correcting, for
different reasons, and the Skyiab experiment was basically designed to test the effect of
electroosmosis in boundary shapes,

Other measures can be taken to minimise electroosmosis; these.involve coating the
Walls of the separation channel with hydrophilic substances such as agarose, or by the
inclusion of an,non-iomc': long chain polymer of high viscosity in the electrolyte,
Hydroxyethylcellulose is such a éubstance, and has been shown by Hinckley to decrease
clectroosmotic disturbances in frge solutionr capillary isotachophoresis of proteins, pre-

sumably by virtue of its viscosity and by coating the walls of the apparatus,
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The preparation of large numbers of Ampholine sub-fractions by isoelectric focusing
allows a study of the optimum pH range of carrier ampholytes used as spacer ions in
isotachophoresis, The use of wide range Ampholines { pH 5-8 ) in isotachophoresis results
in less sharp boundaries and takes longer. An ideal spacer ion is one which has a mobility
‘intermediate to either of the separands ( in a two component sampl;a ) and which reacts
chemically with neither, It is possible that by careful q;Jantitation of the separation achieved
in a mixture of hemoglobin and ferritin ﬁsing different Ampholine fractions of very limited
pH and mobility range, a spacer molecule will be found that fulfills these conditions, VThis

is an ongoing project at the present time,
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INTRODUCTION

The ultimate objective of our present research into isotachophoresis is the

separation of living cells. However, certain.isotachophoxetic phenomena axe still
not fully understood, and a frontal assault on the problem of cell separation must
await the acqﬁisition of more complete theoretical aﬁq experimerital data concerning

. separations of proteins and dyes, Four distinct l;houg}; interrelated lines of inquiry
were followed in this work,
A, Two forms of isotachophoresis wexre compared; free solution and gel, the latter
using both agarose and polyacrylamide gels. The free solution work raised the prob-
lems of electroosmosis and slope of density gradient, while the gel work raised the
possibility of quantitative isotachophorertic studies,
ﬁ. Qpantitation of isotachophoretic phenomena was considered an important objective
in that future cell separations will rest on definitive quantitation of the relationships
between leader and sample concentrations. These studies were hampered somewhat
by the difficulties we experienced in preparing polyacrﬁamide gels .of different leader
concentrations,
C. The whole question of optimum leader concentration was also investigated, and
the dependencé of sample concentration on the leader was verified,
D, Throughout the experimental series, a phen0111eﬁon known to us as "doming" was
observed in gels; latterly, a possible analogue of doming has been observed in free
solution isotachophoresis, Doming manifests itself as an retrograde upward bowing

. of the trailing sample boundaries. Since reproducible quantitation is impossible in
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the presence of doming, some effort wént into determining its cause, The present

paper is restricted to free solution and gel isotzichophoresis not directly related to

the Skylab CPMD Experiment, as well as a report on preliminary :ed cell §eparations.
Owing to the large number of isotachophoretic experiments performed 'over the

last year, only a few representativé results can be repoxted in the present paper;

Further isotachophoretic results are Ieported in "Skj,'rllab IV - Pre-Flight Protein

Studies" (cf, present report).
MATERIALS AND METHODS

1, Cpmmercial Apparatus

A 110 ml isoelectric-focusing column* was used w.ithout modification in severxal
free solution isota chOplloretjc studies. The relatively complex procedures involved
in running this column were feit to be a hindrance, and so several .simpler apparatus
were constructed in the laboratory ( Figs. l-4 )

A Canalco 12 tube Disc Electrophoresis** apparatus was used for gel isotachophoresis,
2, Other Apparatus
| Since we wanted to investigate the effects on isotachophoresis of using long density
gradients, glass or plexiglass tubes, and different leader and terminator volumes, several -
isotachophoresié unit were constructed in the laboratory. ( Thé figures do not include
the variants of the horizontal capillaries used by Hinckley, nof does this section discuss

the design, construction, and operation of this equipment ), The instruments shown

* KB Instruments Inc,, Rockville, Md,
*x Canalco Inc., Rockville, Md,
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possess several features in common, and these_l can be regarded as fundamental to
any isotachophoretic technique,
ay. A separatipn channel within which migration of resolved components of a san;nple
mixture takes place, Our experiments have been conducted in tubes of various lengths
and diameters,‘ made of glass, plexiglass and quartz, Since potentially disruptive electro-
osmostic effects are a function of the wall composition, all tubes have been used in both
coated and uncoated configurations to determine the extent and to investigate the mini-
mization of these effects, As far as free solution isotachophoresis in vertical tubes is
concerned, the use of different tube materials and different wall coatings has not re-
sulted in .sighificantly improved separations, since the instébilitglz of boﬁndariés and gross
convective disturbances axe usually of a magnitude sufficient to mask the insidious
electroosmotic disruptions, Coatings wére agarose; Hinckley has used hydroxyethyl-
cellulose throughout the buffers as an anti-electroosmotic measure,
) A leading buffer reservoir, of large volume compared to the separation chamnel,
which communicates with the channel either directly or through a semi-permeable
- membrane, and wlﬁch contains the anode, This reservoir may incorporate an electrode
labyrinth designed to prevent diffusion of electrode decqmposition products and gas
bubbles into the separation channel, as well as a facility for introducing a density gradient
into the channel. This feature is evident in Fig. 3 . .
¢} A terminating buffer reservoir, again of large volume compared to the separation
channel, which contains the cathode, as well as electrode labyrinths if con;sidered
necessary.

d) A pair of electrodes, preferably of platinum and silver, which present a large
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surface area to the respective buffers, and which react minimally with the buffers.,
For the Skylab charged particle mobility demonstration, the anodg was silver mesh,
while the cathode was a palladium plate, This combination was demonstrated to be
non-gassing with the buffers used, the silver being converted to silver chloride, and
evolved hydrogen at the anode redissolving in the pélla-dium .

e) A cooling jacket through which refrigerated coolant or leading buffer at 4°C can
be c'ir(:ulated. This feature is evident in Figs, 3&4 and ensures that there is uni-
- form radial coocling of the separation channel,

3. Gels

a) Agarose gels were prepared by dissolving agarose ( Fisher Scientific Co,) in the
leading buffer to give 0.5% w/v concentration, Gels \,"aere melted before use, énd
poured at 65°C.
b) Polyacrylamide, The large pore stacking gel of Qrnstein and Davis (1,2 ) was
uséd in all experiments, and was formulated as follows:_ '
Solution A: 48 mls IN HC1
| 5.98 g Tris
0.46 mls N, N, N', N’ Tetramethylethylenediamine (TEMED)
water to 100 mls |
Solution B; 10.0 g Acrylamide
2.5 g N, N' Methylenebisacrylamide { BIS )

water to 100 mls
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Solution C: 4 mlg Riboflavin
;avater to 100 mls
Solution D: 40 g Sucrose
water to 100 mls
The working solution consisted (')f-l part A, 2 parts B,.1 part C, and 4 parts-D,
The pH was adjus;ed to 7.2, Gels were pi:epared immédiately before use, and poly-
merisation was induced by means of a daj.rlight fluorescent tube placed 2 inches from
the gels.,

4, Density Gradients

These were sucrose gradients and were prepared as described previously,*

5, Carrier Ampholytes

LKB Ampholinc chemicals pH range 5 to 8, 40% WI/V, were used in the protein and
dye fractionations, The large range of constituent mobilities in Ampholine chemic'als
allows their use as colorless spacer molecules in isotachophoresis. (1 3)

6. Samples

Three species of hemoglobin were prepared as described previously,*

2 x crystaliised horse spleen ferritin was obtained commexcially,**

1% w/v Amido Black and Ponceau S were chosen as indicat_or dyes,

~ 98% bovine albumin was coupled to amido black. All sample mixtures were clarified
by passage through a 0,22 micron filter before use, and were afmplied either by direct
layering of the sample onto the surface of the gel or density gradient, followed by care-

ful layering of the terminator on top, or by injecting the sample into the terminator and

* [soelectric Focusing on Density Gradients, A.J.K. Smolka, present report

*% Miles Laboratories, Inc,, Kankakee, Ili, 60901
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allowing it to settle onto the leader terminator interface. In both cases, sample intro-
duction was by means of a 5 ml syringe fitted with a fine teflon capillary tube,

7. Recording of Results

Results were evaluated qualitatively by visual examination of the separations, by

photography, and by measurement of migration distances with a millimeter rule,
RESULTS

1. Free Solution Isotachophoresis

The following experiments are representative of a large number which were done
10 i.rweStigate the feasibility of separating two protei‘r;s, hemoglobin and albumin, by
isotachophoresis, Albumin was stained blue by coup]ipg with Amido Black, which rendered
detection systems other than direct visual observation unnecessary. The initial isotacho-
phoretic expeximents in density gradients were characterised by high applied potentials
in t.he 1 to 6 kilovolt range. Hinckley had achieved some success in rotating horizontal
capillary tubes using high potentials., Experiments a, b, and ¢ below were unsuccessful
for a variety of reésons; experiment d was the first, and so far the only, reproducible
isotachophoretic separation in a density gradient, and was possible only because a simple
dye mixture with no Ampholines was used as the sample,
a) This experimént was to investigate the boundary stability conferred by a long shallow
density gradient,
Apparatus: 1TP II, ig.2) | meter agarose coated glass capillary 1.D. 2mm air-cooled,
Leader; 16 mM Tris-Veronal, pH 8'.05

Terminator: 20 mM Tris-Glycine, pH 9.1
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b)

Density Gradient; 0;10% Sucrose

Sample: Human and sheep hemoglobins, 7g%, 0.2 mls, with 10 ¥l Ampholine

1.2 kilovolts, 170 micro-amp.s.

Results: Transient sharpening of rear boundary, followed aftex 2 minutes by severe
convective disturiaances. No separation, Spearing of sample intb leader observed.
Repetition of this experiment with an untreated capillary gave éimila£ results,
Apparatus 1TP III, uncoated glass capillary, 2 mm 1D Water-cooled, 4°C

Leader: lmM Tris-HCI pH 8.9

Terminator: lmM Tris-Glycine, pH 9.1

Density Gradient: 15% to 3% sucrose

Sample: 1001 of a mixture of three hemoglobins and albumin coupled to amido black,

with 10l Ampholines pH range 5-8, 1000 volts, 300mA.

Results: Immediate rear boundary sharpening, and slow migration of the sample
towards the anode, Very diffuse front, which aiter two minutes began to show miyleloid

droplet sedimentation caused by a local increase in density of the sample compartment

as a result of isotachophoretic concentration. Since a shallow gradient was used in

this experiment, density convection resulted, Separation was not ohserved.

¢) This experiment was to investigate the boundary stability conferred by a steep density

gradient in a short wide bore channel,

Apparatus: 1TP IV ( Fig 4 ) lepngth of channel, 26 cms, 1.D., 1.2 cms

Leader: 10 mM Tris HCl pH 7,2

Terminator; 6 mM Tris-Glycine, pH 8.3

Density Gradient: 40% to 10% Sucrose

Sample: 100, 1 mixed sheep, dog and human hemoglobins, 100,1, 0.1% w/v Amido Black,
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d)

with 100 w1 Ampholine, pH range 5-8. 50 volts, 4 mA

Results: Immediate boundary sharpening, front and rear, and differentiation of the
sample into three contiguous bands, red, green and blue, ( from the cathode ). No
migration until, at 2 minutes, the blue band began to migrate towards the anode; the
red and green bands remained stationary, gradually becoming more diffuse, and after
S5 minutes begaﬁ to migrate very slowly, losing their sharp frdnts and merging. No
separation of the three hemoglobins observed,

Apparatus: 110 ml LKB isocelectric focusing column with no modifications,

Leader: 20 mM Tris-HCl, pH 7.2

Terminator: 190 mM Tris-Glycine pH 8.3

Density Gradient: 60% Sucrqse

Sample: 1% w/v Amido Black and 1% w/v Ponceau S. No Ampholines

Power: 300 volts, 7 mA

Results: Very good separation of the red and blue dyes into two bands 4 mm apart,
both with sharp front and rear boundaries, The formation of a colourless space be-
tween the two dyes, in the absence of Ampholines, w;':ls attributed to impuritiés in the
Ponceau S, which were colourless and possessed mobilities. intermediate to that of

both dyes, The first band, red Ponceau S, showed equal distribution of material

~ across the width of the annulus, The second band ( blue Amido Black )} showed a con-

centration of dye in the centre of the annulus, with less dye near the walls of the annulus,
Repetition of the same experiment did not show this effect, Since one characteristic
of doming in gels is its random occurence, the concentration effect mentioned above

may be related to doming. Migration speed was 5 em/hour. There was no evidence
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of thermal or concentration convection. Both bands retained their spacing and

stability for four hours, at reduced voltage and current; after 24 hours however,
the amido black band had approached the Ponceau § so that there was no longer a (
space between the two zones, although they remained separated,

2, Gel Isotachophoresis

Isotachophoretic separations of proteins and dyes on gels constitute the bulk of
experimental results obtained in our labofatory. In this section, only representative
resuits dii‘ectly illustrating the characteristics of isotachophoresis are reported, The

.objective of these experiments was threefold; 1) to verify thé relationships between leader
concentration and sample concentration predictéd by the Kohlrausci.‘l Régulating Function,
and, 2.) _£o compare the relative merits of agarose and pblyacrylamide gels with respect
to reproducibﬂity of results, and suitability for quantitative work, and ;li) to investigate
the phenomenon of doming.

The Canalco Disc Elcc;xophoresis unjt, used in ‘this series of expeiiments, consists
of .an upper huffer reservoir equipped with a centrally located carhode, and twelve grommetted
holes which accomodate twelve -glass tubes of 4 mm 1.D,, These tubes hang dOanaIdS‘
into a lower buffer reservoir similarly equipped with an anode, For the purposes of iso-
tachophoresis, the upper reserveir contains the terminator, whiie the lower one contains
the leader,

Experiment a} below was simply a demonstration of the superior resolution and sharp-
ness of boundaries characteristic of isotachophoresis; experiments b) and ¢) investigated

the roles of leader concentration and volume of ampholine present in the sample respectively,



a) Apparatus: Canalco disc electrophoresis unit ( 12 tubes )
Leader: 60 mM Tris-HCl, pH 7.2 |
Terminator: 38 mM Tris-Glycine, pH 8.3
Gel: 60 mM Tris-HCI polyacrylamide gel
Power: 230 volts, 4 mA per tube’
Samples: iSix 1001 samples were run in duplicate; their compositions were as follows:
1. 50pl mixed hemoglobins, 50wl Ampholine |
2. 25pl mixed hemoglobins, 25ul albumin + bromophenol blue, 50ul Ampholine
3 -25p.1 mixed hemoglobins, 25ul albumin + amido black, 50ul Ampholine
4, 100kl mixed hemoglobin
5. 50ul mixed hemoglobin, 501 albumin + amido black
6. 50 ul mixed hemoglobin, 5041 albumin + bromophenol blue

The results are shown in Fig. 5.

i
]
2
1 |
1 }

Fig. 5. Isota chophoretic separatioh of proteins on polyacrylamide gels.

D-32 ,
ORIGINAL PAGE 1>
OF POOR QUALITY -



This experiment was repeated using 60 ¥aM Tris-HCI pH 7.2 in the terminator vessel
in place of the Tris-glycine, Normal zone electrophoresis took place, although the separa-
tion achieved was poor in resolution and lacked the characteristic sharpness of isotacho-
phoretic boundaries,

A similar experiment was carried out using 2% w/v agarose gels, Migration was
somewhat slower than that observed in polyacrylamide, and the discs observed were not
as sharply separated or well defined, When a 0.5% w/v agarose gel was used, the results

were indistinguishable from the experiment reported in detail above,

- b) Apparatus: 12 tube Canalco Disc electrophoresis unit

Leader: 30 mM Tris-HCl, pH 7.2

Terminator: 19 mM Tris-glycine, pH 8.3

Gel: 0.5% w/v agarose, 30 mM Tris-HCl

Power: 200 volts, 3 mA per tube

Samples: A range of six ferritin samples were run in duplicate, from 50,1 to 3001

in 50,1 increments., The results are shown in Fig. 6

Fig. 6. Isotachophoresis of ferritin on agarose gels, UitlGINAL PAGE IS
OF POOR QUALITY]
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Two similar experiments were carried out using 60 mM and 1§ mM Tris-HCl
pH 7.2 as leader; these three experiments showed that step length is related to step
concentration and to leader concentration.
¢) Apparatus: 12 tube Canalco disc electrophoresis unit

Leader: 30 mM Tris-HCl, pH 7‘.2

Texrminator: 19 mM Tris-glycine, pH 8,3

Gel: 0.5% w/v agarose, 30 mM Tris-HC]

Power: 200 volts, 4 mA per tube

Sa‘mples: Six samples of the following composition were run in duplicate,

1. 25,1 human hemoglobin, 25,1 ferritin, 10,1 Ampholine

2. 25y) human hemoglobin, 25,1 ferritin, 2oui Ampholine

3. 25,1 human hemoglobin, 25,1 ferritin, 30yl Ampholine

4. S0yl human hemoglobin, 50,1 ferritin, 10,1 Ampholine

5. 50y1 human hemoglobin, 50,1 ferritin, 20,1 Ampholine

6. 50,1 human hemoglobin, 50,1 ferritin, 30,1 Ampholine

Separation of the two proteins occurred in all tubes, and it was found that the length
of the ampholine space was proportional to the volume of ampholine in the sample. The
first three samples did not show the sharp front and rear boundaries characteristic
of isotachophoresis, All the samples showed doming to a greater or lesser extent.
( cf, Discussion ) Further gel isatachophc;resis results are reported in the Skylab

pre-flight Protein Studies paper in this report.

3. Isotachophoresis of Red Cell Suspensions
The ITP IV column ( Fig, 4 ) and the Canalco disc electrophoresis unit were used
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in the red cell work., ITP IV consists of a watexr-cooled 11" long plexiglas c.olumn, 172"
internal diameter, communicating with the leader vessel through a semipermeable mem-
brane. For cell isotachophbresis, all 12 tubesrof the Canalco apparatus wére fitted with
similar membranes at theif lower end, to allow introduction of a density gradient, The
separations were performed by layering a red cell mixture onto the‘ leader, which in some
cases incorporated a density gradient, layering terminator over the cells, and finally'
by applying current. The criterion for separation was merely the formation of two discs
of cells separated by a clear zone of buffer, No attempt was made to identify the com-
ponent cells of the discs. The sémple in all experiments consisted of citrated sheep and
human red blood cells, washed.and suspended in normal saline with 5% dextrose for.
isocohicity. All buffers contained 59, dextrose, and gradients, if used, were either 25%
Ficoll ox 25% polyethylene glycol, The terminator Was 38 mM Tris-glycine, pH 8.2;
leaders used were 30 mM Tris-phosphate or 30 mM Tris-HCl, both pH 7.2, There was
no difference in the separation when using one or other of ﬂm leadérs, nor did presence
or absence of density gradients produce significantly-different results, presumably be-
cause the separations were destroyed in all cases after four or five minutes., Hemolysis,
aggrggation, precipitation and crenation of the cells were responsible for the disruption
of boundaries. In all cases, however, separation did occur within the first four minutes
at an applied potential of 200 volts., at 10 mA. Boundary sharpening occurred after 30
seconds, After .90 seconds, front and rear boundaries increased in concentration
»(deepening of colour in these regions) until a clear zone appeared bes ween them. Maxi-

mum migration distance in the plexiglas instrument was 1,2 cms (See Fig. 7.)
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Flg_ 7. iéofééhéphoresié\ of red cells 7
DISCUSSION

A, Electrolyte Systems

The present experiments utilized Tris-HCl at pH 7.2 as the leading buffer, and
Tris-glycine at pH 8.3 as terminating buffex, A preliminary study of electrolyte
systems used in isotachophoresis showed that a wide and diverse range of electrolyte
compositions and concentrations have been used in small anion isotachophoresis { 4 );
by comparison, few well-documented systems of relative simplicity are available for
protein isotachophoresi(s., 6‘3Ne have been concerned principally with quantitation and
reproducibility of this technique; consequently, we have studied only the leader -
terminator system of Ornstein and Davis (1,2 ) which was shown to result in good
separation of several coloured proteins and dyes.
B. Free Solution and Gel Isotachephoresis

Despite the stabilization conferred by density gradients, isotachophoresis of
proteins in free solutions met with little success, Using Tris-HCl leader, and Tris-
glycine terminator, both of varying concéntrations, and respective pH values of

7.2 and 8.3, and using a sample mixture of three hemoglobins layered onto a sucrose
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density gradient, it was possible to induce rear boundary formation, and occasionally

front boundary formation, with an applied potential of 1 kilovelt, In no case was

-separation of the hemoglobins observed., The usual pattern of behaviour was transient

formation of rear boundaries followed within two or three minutes by severe convective
disturbances, which would degenerate, only to rt?for'm transiently, while the front
boundary: would either develop a spcar—shaped cénfiguration extending into the leader, -
ox droplet sedimentation would occur,

. One of the characteristics of isotachophoretic analysis is that the distribution
of sample molecules in a resolved compartmgnt is non-Gaussian, unlike zone electro-
ﬁhoresis and isoelectric fdcusing. This ohservation is of some impoxrtance in considering
the stability conferred on isotachophoretic boundaries by density gradients, To be
effective, density gradients must be positive, i.e., the density of a fluid element
at any point in the gradient must be less than the density of fluid elements at any
lower point in the gradient, In zone electrophore.sis and isoelectric focusing, the

density profile of the gradient with an applied sample is shown in Fig, g .

s . . - - - 1

density
density

v

distance distance
Fig. 8. Stable density gradients Fig. 9. Unstable densilty gredients
in isoelectric focusinz. (a) su- in isotachophoresis. {e2) sucrose
crose gradient with sample; (b) gradient with sample; (b) sample
gsample in Gaussian distribution. in Kohlrausch distrivution; (x)

region of instability due to the
negative density profile.
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In isotachophoresis, however, the non-Gaussian distribution of sample gives the
profile shown in Fig. 9 . In the region marked x , the resulting density profile
is negative, and density convection will take place. In the case of a protein sample
on a sucrose density gradient, the result will be the formation of myeloid droplets
which sediment into the undeﬂying buifer. Droplet sedimentation in such cases may
be minimized by increasing the slope of the density ﬁrofile, thus reducing the area x
* in Fig. 9 . Future experiments will include isotachophoretic resolutions in
very steep gradients,

In thé present experiments, it was observed that coﬁvective disturbances were
less in a wide bore column, ‘such as Fig, 4 s presumably because a dependable
density gradient could be constructed in such a column., When isotachophoresis of
_tW6 indicator dyes ( see Results ) v‘vas attempted ri1.1 the LKB isoelectric focusing
column, with an automa.tically constructed 50% sucrose grad.ient, perfect isotacho-
phoretic separation of the dyes was observed which remained stable for 24 hours.
Thus, lower voltages and well-constructed density gradients may' be essential
to any free solution isotachophoretic process in vertical columns,

The phenomenon of steady state stacking plays a fundamental role in the disc
electrophoresis technique of Ornstein and Davis and is es sentially an isotachophoretic
phenomenon which takes place in a large pore "stacking" gel which imposes minimum
restrictions on the migration of molecules, but whicﬁ is thermostable, transparent,
mechaﬁically strong, relatively inert chemically and most important, is non-ionic,
Gel isotachophoresis can be regarded as the stacking stage of disc electrophoresis,

without the zonal separation which occurs once the proteins have migrated into the
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small pore gel, The work of Griffiths and Catsimpoolas { 3 ) showed that by the
use of suitable "spacer" molecules, intermediate in mobility to the components of the
sample mixture, an isotachophoretic separation of these components could be obtained
in an extended "stacking” or large pore gel, a separation which equalled, if not sur~
passed, in resolution, boundary sharpness and boundary. stability, the iesults obtainable
- by classical disc electrophoresis. The use of a la-rge pore gel is intended primarily
as an anti-convective medium, and so the problems of thermal convection which
frustrated our attempts at free solution isotachoﬁhoxesis are not encountered, Thﬁs
it seems that quantitation of isotachophoretic phenomena, such as the relations betweeh
leader concentrati;:m, sampie concentratién, s;-}acex molecule concentration, length
of steps, spacing between steps, and several related factors, for example, optimum
pH and temperatures, is best performed in gels, .which, in the case of polyacrylamide,
and to a lesser extent, agarose gels, can be prepared reproduéibly in a standardised
formulation, which itse]f can b mlodificd to intreduce further separative parameters,
The initial investigations of gel isotachophoresis in this laboratory were repetitions
of the published work of Ornstein and Davis, and Griffiths and Catsimpoolas and were
carried out in the 12-tube Canalco-Disc Electrophoresis apparatus, Frolﬁ the start,
the results were wmiformly impre ssive, Using the buffer and gel formulations qf
Davis ( 2 ), we were able to show qualitatively the relations between leader concen-
tration and step length, and hetween ampholine volume and‘ the length of the ampholine
space, These results showed the value of gel isotachophoresis inquantitating isotacho-
phoretic 'iﬁhenbmena, and a_prograrﬁ is now under way. to perform definitive guantitation

'in gels, using the apparatus in Fig, 10 .
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Fig. 10. Thermostatted plexiglas column for-isotacho-

phoretic quantitation studies,

C. A phenorﬁenon \;Jhich appears to bie intricately involved in the mechanism of gel
isotachophoresis is doming, which manifests itself as an upward bowing of the rearmost
sample component, which is in contact with the terminating buffer. At the present time,
there is no consensus as to the cause of doming. It may be of value to list the principal
characteristics of doming, and the conditions under which it occurs, A summary of the
hypotheses which have been proposed can be found in the paper by Hinckley.

1. Doming may occur at random. This observation, more than any other, has frustrated
attempts to explain doming, In the Canalco disc electrophoresis apparatus, it was

found, in the course of innumerable isotachophoresis runs, that a seemingly arbitrary
percentage of the tubes displayed doming. Even in cases where all twelve tubes contained
identical samples, and where all gels were identical, by the normal standards of laboratory
accuracy, doming occurred absolutely at random.

2, Agarose gels more often display doming than polyacrylamide gels, although attempts
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to correlate the relative frequency of doming iﬁ the two media have been inconclusive,
3. Dome formation is a graduarl process,- which occurs within the first four. to five
minutes of a gel isotachophoresié run; absence of doming after the first five minutes.
usually precludes later doming,

4, Domes may either go to completion, i.e., when they Ibreak away from the rearmost
boundary and assume a spherical configuration which ;nigrates at a constant rate, equal
io the rate of migration of preceeding zones, or they" may regress giving rise once again
to the characteristically flat and sharp isotachophoretic.boundary; (see Fig. 5)

5. When a dome arises in the rearmost boundary of a long singie sample, it rarely goes
to completion; when a dome originates in a narrow ~separatéd zone, the dome grows at
the expense of that zone, although contact of the zone with the wallls of the tube is main-
tained until just before the dome becomes spherical, thus domes have been observed
which seem to rest on an extremely fine and tenuous interface which extends radially

to the walls,

6. The formation of domes cannot be correlated with ‘the temperature or concentration
of pH of the buffers or gels used, nor is there any cor¥eiation between frequency of
.doming and the composition of the tube walls,

Hinckley has observed that passage of a sample train through an agarose gel induces
an opalescencé of the gel behind.the termiﬁator-sample int.erf.ace, which ct;m readily be
observed through polarizing filters. However, this opalescence is present in cases where
doming‘is absent, |

A possilble analogue of do:ﬁing was observed in isotachophoretic séparagion of in~
dicator dyes on a density gradient, The rearmost bandr_w-as VEeIYy narrow and.displafed

the sharp front and rear boundaries characteristic of isotachophoresis (sce Results)
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but there was a distinct concentration of dye in the middle of the Zone, away from the

- glass walls of the apparatus. The depletion of stain in the wall region was not electro-
osmotic in origlin, since there was no coloration of the terminator buffer .

D. At the time of writing, there are no TE€ports in the literature of red cell Separations
using isotachophoresis, The results reported in this paper are of a preliminary nature,
but exceedingly encouraging, The p;'oblems mentioned previously which disrupted the
separation afte: a few minutes can probably be overlcr-mwe by a careful choice of isotonic
density gradient compositions and concentrations. [t Seems that this can be done using
different proportions of Ficoll and dextrose in the two compartments of the LKB densitjf
gradient mixing device, We are currently planning to perform isotachophoresis of

red cells in the LKB isoelectric focusing column, , ‘With 4 view to publication, Previous
work has shown that Lhi.S column can be used without modification for isotachophoretic

applications,
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SKYLAB EXPERIMENT

M. Bier, J. O. N. Hinckley and A. J. K. Smolka

INTRODUCTION :

Most significant development during the contract year was the opportunity to
participate in the Skylab experiments through the inclusion of a Charged Particle
Mobility Demonstration (CPMD) experiment in Skylab [V, This experiment was
7 made possible only through the most intimate collaboration with our contracting
officer, Dr, R. S, Snyder, and a number of .his colléagues at the Marshall Space
Fliéht Center, in particular, Messrs, B, O. Montgdméry, A, C'. Krupuick, S. B.
Hall, and Dr. T. Bannister,

Unfortunately, the lead time available for the preparation of the CPMD was
very short, and we had only a few weeks between the oxiginal concept and the de-
livery of the finished package. No comprehensive testing of the finished package
under all conceivable environmental conditions was possible, Nevertheless, an
apparatus was constructed, which appeared to satisfy the elementary requirements
of the modest flight proposal. It was designed under the severest constraints of

Space and power available, The apparatus had to fit the inside of a cylinder 3,5"
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in diameter, 3.5" long. The only power available was 28 volts,

The apparatus consisted of two plastic modules, described in greater details
later on, and fitted between two metallic end-plates, with a suitable connector and
switchgs, The plastic modules were made by the contractor, where special thanks
are due to Mr, Anthony Clarkson, of Clarkson Research-Corp. ; which machined them,
undex greatest pressure of avaijlable time. The metal plates and electrical wiring
was provided for by Marshall Space Flight Center, The actual filling of the apparatus
- for flight was carried out in the decompression chamber at Marshall Space Flight
Center by Mr, 5, Hall and A, Smolka.

Unfortunately, the experimental package did not perform as w.ell as expected, The
protein module failed completely, as there was no migration of protein, The reasons;
for it remain a puzzle. Examination of the module, upon return from Skylab, showed
all elettrical parts to be operational, but thé silver mesh anode showed no depo'sitioﬁ
of s.ilver chloride, indicating that no passage of electric currentloccurred. The pres-
ence of protein in the cell contents was demons_tfated by spectrophotometric analysis,
The only possible explanation for the operational failure is that an air bubble com-
pletely obstructed the passage of electrical current, thoqgh this too appea?s highly
unlikely., The debriefing of the astronauts did not clarify this point.

The blood module also showed extensive leakage, with numeroﬁs air bubbles in the
observation channel, Nevertheless, the astronaut, Dr. E. Gibson, was able to per-
form two experiments with it. In the first experiment, the photographs of the obser-

vation channel are obscured by the presence of air bubbles, preventing the exact
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determination of the shape of the advanciﬁg fronts. Unfortunately, the cautionary
note in the instructions regarding the elimination of air bubbles was overlooked.
This was corrected in the second experiment (unplanned, and carried out at the
initiative of Dr. Gibson, who is highty to be complimented in this regard§, and '
excellent photographs were obtained. Another unfortﬁnat;e incident was the failure

to refrigerate‘ the module in the first weeks of the ékylab mission,

An important part of the overall Skylab experiment were the extensive earth-
bound experiments which paralleled the development of the modules. The descrip-
tion of this work is also included in this section, though, obviously, it was an
important part of the overall experimental program, and could have been included
in the previous sections,

Though the Skylab experiment was only a partial_ success, it has been a most
significant contribution to our overall effort. It has clearly demonstrated the pos-
sibility of isotachophoresis of living cells, and confirmed the sharpness of isotacho-
phoretic boundaries, in clear distinction with the diffuse houndaries observed in zone
electrophoresis of latex particles in previous Apollo 16 electrophoresis experiment
It is hoped that the state of art of zero gravity isotachophoresis will be further ad-
vanced in the presently planned experiments during the joint‘Apollo-Soyuz flight

scheduled for 1975,
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FLIGHT PROPOSAL: ISOTACHOPHORESIS IN SPACE

1. SUMMARY AND SIGNIFICANCE

a. Advantuges of isotachophoresis

1. The clectrochemical forces in isotachophoresis separate ionic substances, such as proteins
or cel.!s, into separate compartments, limited by bounda_ries' of near infinite sharpness {(best
present estimate: boundary width of 10"3cm},

2. These boundaries are self-sharpening, and there is no deterioration or degeneration with
either time or distance of migrafion.

3. The boundaries are to @ high degree seIF—recuperfnﬁve, and reform if sfirred, or disrupted
by o'rl;mer foctors, including convection.,

4. The concentration of each substance within its compu.rfmen’r is uniform - no gaussian
distribution of concenirations is present, This concentration remains constant throughout the
run, orice the separation has been achieved. |

5, Higher concentrations of components can be handled by virtue of this unifermity, and
the sharpness of Interspecies boundaries, The concentration is independent of initial protein
concentration = and depends only on ?mdluri’ry of leader buffer chosen,

6. 1t is the only high resolution technique at leest poteniially uppliéub!e to separation of
living cells.

7. It has great potentia! for preparative purposes because of cbove factors, and because of
reduced heat generation per unit of product, allowing for easier s;:ale—up of apparatus .,

b, Relevance of zero-grovity

The most successful earthbound separations of large molecules have been in gels (with all

the disadvantages of gel methodology) , which connot be used for cells. In free solution,
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gravity causes sagging of interfaces due to density differences of concentrated protein com-
partments, these concentrations being ruch higher than usually encountered in other forms
of elecirophoresis.

c. Experimental evidence for benefits of zero~gravity

Attempts to circumvent these difficu!fi'es, by rotation of horizontal columns and by use of
density gradients in vertical columns; have not yet matched the resolution obtainable in gels.
But these methods, which to some extent simulate the effects of zero-gravity, produce suf-
ficient improvement to indicate that zero-gravity may be the unique solution to this preblem.

d. Significance of the proposed experiments

Taking advantage of the possible inclusion of an electropheretic experiment in the forthcom=~
ing Skylab flight in November 1973, we propose to f;esi' two basic hypotheses:

1. That separation of two colored proteins, hemog!obin' ond ferritin, will be as good 1n zero=
gravity in free solufion as in eorthbound gels,

2, That living cells will behave in analogous munner once the effects of gravity are removed.

e. Proposed flight package, weight, dimensions, required facilities

Tt_a test these hypotheses one flight package is proposed consisting of fwo modules, one pre-
loaded with protein, the other preloaded with red blood cells. The overall dimensions of the
combined package will be 2" x 1" x 4" {two by one by four inches) , each module being 1*
x 1" x 4", Total weight will be less than 240 grams. The power requirement is 28 volts at
up to 10 mﬂiidmp:q, for one hour. We rely on the experimenter for visual observation and
photographic recording, using the camera already on board., Photographs at one~minute

intervals will suffice during the one hour of running.



Engineering Information

—

Weight (excluding photographic and Size (excluding photographic and
power facility) power facility)
At launch Less than 240 grams 8 cubic inches (1" x 2" x 4")
in toto
Return Film only Film 6nly

Data Recording: Visuol and photographic (60 exposures, 1 min. intervals, with
existing camera and lumination)

Spacecraft interface: ,
Mechanical: Two self-contained 1" x 1" x 4" composite plasiic blocks
Electiical:  Stondard spacecraft 28 V DC outlet

- Data: &0 exposures at 1 min, intervals, standard photographic
onbourd equipment and illumination,
Thermal: Stored whenever possible in refrigerator, otherwise ambisnt

temperature. During experiment ~ ambient temperature.

f. Fobrication ond delivery arrangementis

The opparatus will be delivered by us, prelouded with s:c:mple, and brought fo the flight cen-
i‘e;‘:r oz close fo departure date us possible (o minimize aging deterioration éf sample) . The
module and package consist entirely of plastics, metal, and some rubber; there are no moving
parts} no glass, no toxic, hazardous or infecticus compounds.

g. Operation and tstructions

instructions to the experimeniing astronuut will be:
1. Focus camera, \.vii'h appropriate illumination, to include middle one=third of module (i.e.,
the central tube) .

| 2. Establish electrical contact with power supply.

2. Pull one tever.,

ORIGINAL PAGE IS
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4, Take photographs, and observe ,

5. Reverse current, continue photographs, and observe.

. BACKGROUND

a. The significance of electrophoresis consists in its being the only method capable of good
nondestructive separation of a large cluss of valuable biological materials (1) with high
resolution and purity. Unfortunately, it has not yet been possible to scale~up electrophoresis |
to significant preparative dimensions.

b. The Apollo XVI flight e!écrophoresis experiment showed the potential advantages of zero~
gravity é!ecfrcphoresis, it also demonstrated, however, that avoidance of gravity effects
does not eliminate all problems: the boundaries were grossly parabolic because of eleciro-
oszmotic effects, and diffuse, because of poor sa-mple insertion, diffusion, and possibly other
.ferc:es, including random fluid movement of as yet undefermined origin. The boundaries were
completely destroyed after o relatively short fime. If Is our opinion that this demonstrates

| the necessify of using a technique which provides self'-sh-cxrper_ﬁng boundaries, such as isotacho-
phoresis. |

r;:, lsotachophoresis (2) muy overcome these difficulties, due to:

1. Self-sharpening boundaries between adjacent compariments of sample components.

2. Self-correction and recovery of boundaries against random fluid movements and other dis-
turbing factors.

3. Nondegeneration of this stable geometry with time and distance of migration.

4. Reduction of heat-generation per unit of potential gradient, allowing relatively high
restoring electrochemical forces to impose a gravity-independent geometry on the system, as
ouilined above, |

Hl, SUPPORTING WORK ALREADY DONE
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a. Separations by iﬁofachophoresis in gels are excellent and prové the power of the tech~

nigue ot high resolution. We have separated albumin, hemoglobin, ferritin,spacer ampholytes

and dyes in this way.

L. Similar but inferior transient separations of these profeins and of cells have been done

here in density gradients in vertical columns, in free solution.

¢. Similar but inferior separations of these proteins and of red blood cells have been done

by us in rotating and in stirred horizontal columns, in free solution.

d. The density-gradient and rotating tube separations, while as yet inferior to gel separations,
are sufFi‘cieniiy better than simple free solution isotachophoresis to indicate the improve ment
conferred by these gravity-alleviating measures.

e. The above experimenial evidence, based ca:; the same subsiances thar we propose o separatfe
in Skylab, s therefore fiysthond evidence os 1o the possible unique benefits conferable by zero-
gravity .,

V. DESCRIPTION OF PROPOSED INSTRUMENT FOR FLIGHT
a., Module A: This medule is illusirated in the enclosed blbéprinf, drawn on 2x magnification.
.H consists of a rectangular block of plexiglas, 1" x 1% x%", with ;:1 0.25"diameter, 1.25"
fong observation channel. A’r.ehher end are wider electrade compurtments, provided. with a
silver electrode al the positive and o black platinum electrode ot the negative pole. The
block consists of two secfions, a shorfer section A and a longer sécﬁon B, these being held
together with spring-loaded bolts, exerting uniforr.n pressure across '.'helsi‘iding .gcre. Both
electrode vessels are provided with rubber expansion diaphragms to take into account possible
volume variations due to thermal expansion. A plastic-covered metallic stirring ball is pro-
vided in the anode compartment to permit stirring of the cell suspension prior to the beginning

of the experiment., A magnet will hold this ball in place at other times. Two filling ports
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are pr;:vided for the fluid loading of the de‘\.rice° The sliding gate is made of 0.001" thick
Mylar, and is provided with a central hole of the same diameter as the observation channel,
On pulling of the gate by the flexible pull ring, as far as the restrchlwing bar will permit,
the hole in the gate will align with the observation channel, forming a continuous lumen.
The electrodes have external terminals for connection fo the power supply.

b. Module B: This is not illustrated in the drawing. 1t will be identical to ‘Module A inall
respects, except that the sliding gate will be made of 0.125" thick teflon strip, rather than
the above-described 0,001" Mylar, The magnet and sfirrfng ball will be omitted, being
unnecessary.

V. PROPOSED EXPERIMENTS

a. Experiment A - Module A

The busic requirement of isotachophoresis is that the sepa:tfcﬁon_ lscchmvedwnh ¢ discontin=-
uous buffer system, o leader and a terminator buffer, the sample being normally injected
be’ij\'ee;an the two. In this particular experiment we Wﬁh to demonstrate the behavior of red
“blood cells on isotachepharesis. Unfortunately, it will not be pos;ible to inject a separate
sample of blood cells between the leader and terminator buffers, as the cells are expected

" to settle out on standing, and there is no simple manner of bringing them into suspension in
a narrow sample compartment, For this reason it was decided to include the sample into the
terminator buffer, and use only @ two-component system: leader and sample-terminator. As
a result we will be able to observe only the frontal boundary of the migrating cells, and not
the rear boundary (3) . This will in no way detract from the importance of the results, the
tack of the visibility of the rear boundary being mainly un-esfheﬁc default and not of real
significance. The leading buffer (contained in section B and the visual observation channel

of the module} will be physiological glucose (58/5 w/v) , made 0.020 Molar with HCI, and
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buffered with TRIS, pH 7.4, The ferminator-sample mixture will be whole defibrinated
human blood, diluted 1:10 in physiological glucose,

Prior to the experiment the astronaut will gently shake the apparatus to re—suspend the
red cells in the section A of the module, The s'rirr'ing ball will facilitate this process.
Having suspended the red cells, he will immobilize the ball by bringing it in the proximity
of the magnet. ‘The module will then be instatled in front of the camera, and electrical
contact established. The pulling of the slide gote will establish the continuity of the elee~
trophoresis channel, and migration will begin., We expect that the migraﬁon‘of the red
cells will be visible as an advancing sharp front of red mass into the observation channel.
This sharp front should remuin essentially unperturbed during the whole course of migration
for the length of the observation channel, 1;'hc—:- expected duration of the migration is about
13 minutes. Prior to the froni having reached the end of the ohservation channel, the osire-
naut will be tastructed to reverse the current polarity: this will cause the migration divection
to reverse and the red front fo recede fowards i¥s sioriing position. More Tmportant, this
rev‘er’su( abolishes the isotachophoretic mode of migrctﬁc.nf fror now on, the migrating red
cells will be in a zone-electraphoretic mode. This should vesuli in rapid deterioration of

. the sharpriess of the migration boundary: diffusion, conveciion and other disturbances caus-
ing rapid degeneration of the previously sharp boundarie;, The astronaut will be instructed
to visually observe the nature of the boundaries: the isotachophoretic mode should result in
straight or slightly bowed boundaries of near infiniie sharpness. 1t is conceivable also that
Vthe astronaut will be able to observe a series of parallel boundaries near the front of the mi-
grc#.ing cell suspension, as a result of separation of ot-her components of whole blood, which

. may escape photographic observation.

b. Experiment B - Module B




In order to ﬁvoid the esthetic shortcoming of visual observation of frontal boundaries only -
characteristic of the cell experiment A - we suggest this second experiment with two clearly
visible darkly colored proteins: hemoglobin and ferritin. Hemoglobin is the red protein of
the red cells, ferritin is a darker colored protein isolated from horse spleen, The ferritin
has o higher mobility than the hemoglobin and migrates first, The leader in this case will
be 0.020 M tris-hydrochloride buffer, pH 7.5, The terminator will be in the section A of
the module be;nin‘d the sliding gate, and will be 0.1537 M glycine-HC1 buffer, pH 8.9. The
sample will also contain a small admixture of ampholines (synthetic polyamine compounds
manufactured by LKB, Inc., Stockholm, Sweden) . The mobilities of the ampholines are
intermediate between those of ferritin and hemoglobin: the purpese of its addition is to pro-
vide a colorless spacer between the two colored proteins - otherwise the two zones of hemo=
globin and ferritin would be contiguous and their separation not clearly visible, This mixed
sample will be enclosed within the thicker teflon gote of this modu!e.r

In this cuse, there is no need for the mixing ol,:;erc:fion prescribed to resuspend the red
cells, Afier tnstallation of the apparatus in front of the .camera, the ostronaut will establish
the elecirical contact and pull the sliding gate. This will insert the sample between the
~leader and terminator buffers. The migration should start proceeding instantaneously, with
a flat colored disc advancing into the chservation window. This disc should gradually resolve
into a front darker disc of ferritin and a more reddish disc of hemoglobin, separated by the
colorless spacer of ampholines. The astronaut will again be asked to observe the nature of
the fronts: whether perfectly straight, slightly curved, etc, On approach to the end of the
visual observation channe!, he will again be requested to reverse current polarity, This will
change the retrograde migration into a zone-mode, rather than isotachophoretic-mode. The

- change in nature of boundaries should be again most dramatic = proving the advdntages of
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the iso’ruchophbretic- mode of protein separation at zero gravity .
VI, INTERPRETATION OF RESUiTS

We are firmly convinced that the most promising methods of space electrophoresis will
be those which are characterized by self~sharpening and self-stabilizing boundaries. Only
two methods hove these characteristics: isczlectric=focusing and isotochopheresis. The First
of these, the focusing technique, is more widely known - unforfunately, it is very slow, and
is not applicable to living cells (for the simple reason that living cells have a very low iso-
electric point ~ not compatible with their survival) . Isotachophoresis is relatively less known
and has lcome into 1ts own only in recent years (2) . All thearetical considerations and our
preliminary daia show that it is applicable to both proteins and living cells. Even for pro~-
teins, isofachophoresis may haves significant advantages over isoelectiic~focusing, being
faster by several crders of magniiude, raquiring therefore less energy, volume, weight, ete,
As expluined in the text, best results are obtained in gels, where effects of gravity are com=
~ pletely neuiralized. We expact that the proposed expe;"Imeﬂr’:‘s wills

1. Prove our basic premise that zere gravity isotachophoresis in free solutions will show
equivalent resolution and boundary siability as obtainable only in gels in earthbound experi-
ments.

2. Demonstrate the superiority of ?so’ruchophoreﬂq mode over zone elecirophoresis, The
reversal of current polarity programmed for each experiment changes Fr.o_m the first fo the
second mode = while leaving all other conditions unchanged.

3. Establish that living celis will giv.e equally good and stable boundaries -css‘ proteins
if gravity effects are avoided.

To this effect we will reproduce the Skylab experiments in our own laboratory, using the
same equipment, samples, buffers and other conditions, except for gravity. These experiments
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will be conduc.ied in free solutions, gels {for proteins only ?.nof compatible with cells},
and in free solution stabilized by density gradients or by rotation of horizonta!l tubes. These
last two methods are often used to alleviate the effects of gravity. We expect that the re-
sults will serve to definitely establish the soundness of the zero-gravity electrophoresis
concept.
vit. TIMETABLE

We dare ready to deliver the complete ins’rrumeni'aﬂ.on, loaded with samples.and ready

for use, by the November 1973 Skylab IV liftoff,
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DESIGN AND OPERATION OF THE SKYLAB APPARATUS

The size and shape of the experimental apparat.us were largely governed by the
constraints imposed by the limited space available in the Comrﬁand Module. The
apparatus had to fit excess space available in oné of the student's dc—:mpnstra;cion,
packages, fitting into a cylinder roughly 3.5" in diameter, 3.5" long, The total volt-
age avajlable was 28 volts, Fortunately, both of these constraints were consonant with
the design of 2 meaningful instrument, Terrestrial e}gper'iments had shown that separa-
tion of colored proteins was achievable at this voltage within minutes, and in only a
fraction of the first centimeter of a gel-filled column. A characteristic of isotacho-
phoresis is that once resolution is obtained, there is no further degeneration (or
improvement) of the pattern, no matter how long the migrating pathway, Therefore
a visual observation channel of only 1,063" length appeared sufficient, not only to ob-
tain complete resolution, but alse to confirm subsequf_z;it stability of the resolved pattern.
The anode compartment was made as laxge as possible, within the o{rerall space avail-
able, as the constancy of leader buffer compositidn during the courée of the separative
process is of some importance in isotachophoresis. The anode was virgin silver mesh,
is non-gassing, chloride depositing at the electrode. The cathode compartment was
much smaller, as its changes in concentration during the separation are of lesser im-
portance, The cathode was made of a sheet of pure pallacdiumn, o.003" thick. This is
also a non-gassing electrode, palladium having a high solubility for evolving hydrogen,

The leader aﬁd texrminator compartments were kept separa.ted prior to the actual
experiment by means of a sliding valve-gate, 0, 105" thick, and gasketed by means of
two sheets of silicone rubber. Four Spa_:ings were supposed to keep the whole a‘ssembly

water-tight, the sliding valve-gate Being lubricated by silicone grease.
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Silicone rubber diaphragms were also provided at the ends of both electrode compart-
ments to provide for thermal expansion of fluid.

The body of the apparatus was made of plexiglas, and, when assembled, each
module was a 3,5'" long rectangular block, 1" sq. section. Its exploded view and com-

plete set of blueprints are enclosed, Figure 1 shows a photograph of one of the modules,

Fig. 1. Photograph of one isotachophoretic
cell from the Skylab CPMD apparatus.

Two such modules were housed within metallic plates, as illustrated diagrammatically
in Fig. 2. The first switch was an on-off and cell-selector switch, The second switch
permitted reversal of current polarity, These switches and a connector adapted for

the DAC power cable were fitted between the two plastic modules, Fig. 3 shows a com-
plete photograph of the finished apparatus. The apparatus was housed within a metal

cylinder lined with foam rubber, Three such units were made available,
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-+ Ag ELECTRODE ‘
INEEADER COMPARTMENTS B

Fig. 2. Diagram of Skylab CPMD assembly, consisting of two
_plexiglas modules in metallic housing with associated switches.

The ‘whole apparatus wasr‘-gz-ts-'stel."i-lized utti:ﬁ‘z.'i-ng' ethylene oxide, . All.solutions were. - -
thoroughly dégassed and sterile filtered before use, and the filling done in the high al-
. -~titude chamber, using the procedures specified below. One will note that the protein
sample was contained only_ within thé‘lumen of the valve-gate, while the blood filled the
whole cathode.compartment, In this latter case, the valve-gate contained leader buffer .

The reason for this was that it.appeared to be necessary to‘provide a stirring mechanism
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Fig. 3. Skylab apparatus

to suspend any sedimented cells, and this could not be inserted within the narrow con-
fines of the gate,

BLOOD FILLING PROCEDURE

1. Identify the blood cell- stirring ring located in the terminator compartment,

2, Check that the gate is in the open position - down,

3. Put on sterile gloves, and spread sterile drape over working area,
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4. Remove both {illing s.g:rews,

5. Open Pack No. 1 (contents 10 ml syringe, long catheter, and 20 gauge needle),
Fit Jong catheter to syringe and aspirate blood leader. Replace catheter with
needle and expel air from syringe.

6. Inject blood leader through terminator lilling port until cell is completeiy filled,
When satisfied that there are not bubbles in gate area,, close gate,

7. Check for air in leader vessel, and close leader filling port,

8. OpenA Pack No. 2 (contents 50 ml syringe, long catheter, and 20 gauge needle).
Fit catheter to syringe, aspirate sterile saline washing solution, replace catheter
wi.th needle, and flush terminator with ia::é;e volume of saline :

© Inject air into terminator to remove excess saline,

10. Open Pack X (contents, 10 ml syringe and 20 gavge néedle). I'it needle to syringe,
stir blood vial, wipe xubber cap with alcehol, then. aspirate 5 m].s'hlood‘ “heck
syringe for air,

11. Fill texminator with blood, and inspect for air.

12, Replace terminator Screv.vs,

13. Inspect entire cells for aix, and rectify if necessary.

PROTEIN FILLING PROCEDURE | | ((J)?IGINAL PAGE IS

1. ldentily protein cell - no stirring ring. FOOR QUALITY’ |

2, Use sterile gioves and sterile drape,

3. Open Pack Y (contents 10 ml syringe and 20 gauge needle), TFit needle to syringe,

wipe rubber stopper of protein vial with alcohol and aspirate 5 mls of protein.

E-19



10.

11,

12,

13.

Check for air, remove needle, and fit catheter to pre-inserted catheter in cell.
Fill cell as far as observation channel] with protein.
Pull out cannula past gate, but leave in observation channel.

If satisfied there are no bubbles in gate area, close the gate, Tape the gate in

_ the closed position,

Open Pack No, 3 (contents 50 ml syringe, long catheter), Fit catheter to syringe,
aspirate 50 mls of protein leader, remove catheter and check syringe for air.

Fit syringe onto pre-inserted catheter and inject protein leader until leader com- .
partment and observation channel are free of protein. (no colour)

Withdraw cannula and replace leader screws if satisfied that n.o hubbles or colour
remain in leader vessel,

Open Pack No, 4 (contents AlO ml syringe, long catheter and 20 gauge needle), Tit
catheter to syringe, aspirate protein terminator, and replace catheter with needle,
Check for air.

Open terminator screw, rinse thoroughly with terminator, and f-ill with terminator,
Inspect for air, and replace terminator screw.

Inspect entire cell for air, and rectify if necessary.

In the Skylab, the apparatus was supposed to have ‘been housed in the food chiller

until use, Then the equipment was to be mounted with its velcro backing within the

spider cage already in the Skylab, in the manner shown in the schematic drawing of

Fig. 4. The instructions to the astronauts were as follows:

E-20



¢
!

1.

2,

[ camera’ _ ' LOLLAPSIBLE CAMERA MOUNT

Fig. 4. Spider cage mount for Skylab
CPMD with associated camera mount,

Rernove charged particle mobility demo (CPMDj from food chiller, spider cage

from W733, FDcamera mount with end assy (excluding extension) from F509,

portable timer, two portable lights and two utility cables, one DAC power cable,

utility strap, adhesive backed velcro. -
Remove CPMD from launch container by handling metal parts only. Moderately
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10,
11.
12,

13.

14,

15,

16.

agitate CPM‘D along long axis for 5 minutes,

Allow 15 mins for CPMD to reach room temb.

Remove portable lights from housing and mount on spider cage side walls without
doox hinges,

Mount spider cage on MDA lpcker M157 with velcro, using utility strap, firmly
secure assy to locker door,

Verify CPMD cell selector switch (bottom switch) is in off position.

Attach DAC power cable to CPMD,

Place CPMD in center of lower half of spider cage with velcro, tape lower door
in open position, Place timer beside CPMD wit‘h velero.,

Attach ED mount to spider cage. Adjust end assy_.to ED 61/62 arrow,

Set up camera per photo pad.

Place particle migration switch in the forward position,

Place cell selector switch to position #1.

Slip index finger & middle finger of left hand behind cell #1 of CPMD, Place left

thumb on red end of slide, Smoothly push slide completely in with thumb, balancing

.

pressure with other fingers. Set timer to 45 minutes,

Take a photograph and repeat at approx 5 minute intervals for 20 minutes. Voice

record observations,
Gently set particle migration switch to reverse position.

Wait 5 minutes; take a photograph and repeat at approx 5 minute intervals for 20

minutes, Voice record observations,
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17, Set particlg migration switch to forward position and cell selector switch to
position #2, Repeat steps 13 thru 17 for ceil #2,

Notes:

1, If bubble appears in observation channel prior to run, dislodge it and position it
in the opposite end from slide by gentle tapping. Under no circumstances should
the unit be disturbed once voltage is apblied across one of the cells,

2. Return CPMD to its stowage container & replace in food chiller after demonstration

is completed,

o 9NAL Pag 1
- FOOR QUALITY,
E-23 f



wde

PRE-FLIGHT PROTEIN STUDIES

1. Materials and Methods.

(a) Samples. Human hemoglobin and horse spleen ferritin were chosen as the sample
proteins because of their intense color and ease of separation, The red hemoglebin was
prepared by repeated washing of human red blood célls in saline, followed by their lysis
in distilled water, and centrifugation. The SOlUtiOI'l waé then treated with carbon monoxide,
the resulting carboxyhemoglobin being far more stable against denaturation than hemo-
globin. It was stored at -10°C. until use, at a concentration of 7%. The brown horse
spleen ferritin was obtained from Pentex Biochemicals and consisted of a 9% sterile solution.

Ampholine carrier ampholyes were supplied by LKB and covered the range pH 5 to §;
agamma calf serum and a selection of nayrow pH range ampholines derived from iso-
electric focusing of LKB amphbline pH range 3 to 10 were also used.

Sample fnixtures were filtered through a 0.22 millipore filter before use to insure
sterility and the exclusion of all particulate matter.

S.ucrose, to 5%-( weight volume ) was added to the samples to insure even layering
on the gel surface and to minimize sample turbulence into the terminator duc 1o convective
disturbances at the start of the run before sample migration into the gel.

(b) Gels. All isotachobhoretic runs were carried ouf using either agarose or polyacrylamide
support media to suppress‘ convection, Agarose ( Fisher Scientific Co. ) was made up as

a 0.5% w/v solution in leading buffer, while polyacrylalmide gel was prepared according to
Ornstein and Davis (1) with appropriate modifications of leading buffer concentration as

necessary.
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(c) Preservatives. All protein samples and buffers incorporated (0.01%, merthiolate as

preservative,

(d) Apparatus. Four isotachophoretic units were used in the present experiments (Figs. 5 and 6).

These two figures show units constructed in the laboratory.

¢ {sotochophoresis. Column NASISO Mark |

’—"—"‘“"——'—"———O

e L [ Probe conneciors
Platinum ring slecirode %
., . I- e FPrabe guides
Terminator vessel —
JPCTRRREN
Copper shelloced
conduclors - Leader vessel
: Sopuoralien channel-
i
: e TPlgtinem ring elecirede

Fig. 5, Schematic drawing showing principal features
of izotachophoretic unit used in Skylab experiments

CATHODE _ ANODE

i one-piece plexiglos body > yolt b
! piece plexig urs ody - /”—? vollnge probes
t \ X [}

G@:&% — JD”\W P
e 4b —JE=
O‘QHXGYOQQ" , sepototion chonnel
) o

Isotachophoresis Apparatus NASISO Mark I

MATERIALS:  ONE-PIECE MACHINED PLEXIGLAS BOOY. REGULAR 20ml| POLYTHENE
| AND RUBBER SYRINGE PLUNGERS. ELECTRODES OF SILVER WITH CCPPER
. CONDUCTORS TO CONNTCIORS. SEE ABOVE. VOLTAGE PROBES SILVER
H ANCHORED IN EPOXY.

- Fig. 6. Schematic drawing of isotachophoretic
unit with variable-volume electrode vessels
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Two, NASISO Mk I and II, were spe‘cially construc_ted for the pﬁrpose, the third was a
commercial Canalco disc electrophoresis apparatus, and the last was a prototype of the
apparatus used on Skylab IV, Although differing substantially in design from the CPMD
hardware, the first two units were designed to investigate the feasibility of the proposed
experiment and to establish, if possible, its operational limits. Thus provisions were
made in these units to vary the volumes of leading and terminatiné buffers, and to vary
the position of the electrodes with respect to the sepa rf;tting channel, In addition, voltage
probes were incorporated to monitor the voltage across the separation channel. The
total voltage in all runs was 28 volts, this being the limit of the CPMD power source aboard
Skylab IV, All experiments were run first in the isotachophoretic mode and then, following
current reversal, zone electrophoresis of the samples was allowed to take place,
(e) Evaluation of Results, The progress of experiments was monitored by a stopwatch to
" mea sure migration times, and by reference to a fixed scale in close proximity to the separa-
tion channel in order to measure migration distances, Results obtained using these criteria
were tabulated and expressed graphically; in addition, fhe quality of separation was assessed
bjr visual examination, the principal critexia in this case being the distance between the
separated hemoglobin and ferritin discs, and the degree of coloration of this space.
2. Results
A large series of experiments were carried out using the four units to investigate the
optimum conditions for the isotachophoretic separation of hemoglobin and ferritin, A num-’
ber of representative results are presented in this paper,. and arc grouped according to the

parameters under investigation.

@ Terminator Concentration, These experiments, performed in the NASISO Mk I apparatus
(Fig. 5) were concerned principally with determination of the optimum terminating buffer

M ‘
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concentration for maximum migration of the ferritin front‘at 23 volts, and a prc—:limina'ry
investigation of the effect of buffer v.oI.umes. The results are tabulated in Table I, They
indjcate no gross effect of electrode volume, and confirmed the soundness of the design}
of modules,

Doming occurred in all experiments except No, 5, although it seemed to diminish
somewhat after 8 minutes in experiments 3, 4 and 8, In all experiments sharp front and
rear boundaries had formed within one minute, and separation was- complete within five

minutes, The separation was cleaxly visible but not sufficiently wide ox colour-free,

TABLE I
Experiment Terminator Leader Termipator. Migration in  Current
__.II?},{*_’},P?_E_M Concentration (mM)  Volume (mls) Volume (mls) 15 minutes {mA)
1 - 17 5 5 B 0.8
2 17. S 5 ) 1.0
3 130 5 5 9 1.0
4 340 B 5 13 1.5
5 380 i 5 16 1.5
6 134 5 5 14 1.0
7 : 380 5 5 16 2.0
8 3R 5 5 16 2.0
9 340 4 1.5 11 2.2
10 380 8 5 15 2,0
11 ' 380 8 L.5 15 2,0
12 380 2 . 6 15 2.0

Anti-convective Medium: 0.5% w/v Agarose in 20mM Tris-Hel, pii 7.2
Sample: 1051 of a mixture containing 1001 hemoglohin, 1001 ferritin and 10,1

Ampholines pH range 5-8,

(b) Leadex and Terminator Volume. The NASISO Mk 11 cell, (Fig, 6), was designed

specifically to investigate the effect of buffer volume on isotachophoretic separation.
Several experiments were performed using this cell, and the results were tabulated in

Table 11.
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TABLE 11
Experiment Leader Terminator Migration in
Number Volume (mls) Volume (mls) 15 minutes (mm)
1 8 5 16
2 7 2 16
3 1.5 1.5 18
4 1.5 7 ' 18
5 7 7 20
6 7 7 19

Anti-convective Medium: 0,5% w/v Agarose in 2_0mM, Tris;Hcl, pH 7.2,

Leader: 20mM, T;;‘iS—HCl', pH 7.2,

Terminator: 380 mM, Tris-glycine, pH 8,3.

Sample: 10 u 1 of a mixture containing 100y 1 ferritin, 100, 1 hemoglohin, 50,1 5%.
albumin, 50,1 amido black and 10, 1 Ampholine pH 5-8, (In experiment 5,

only 10,, 1 ferritin were applied),

The vesults indicated that leader and terminator volumes had no significant influ-
ence on degree of separation of hemoglobin and ferritin, nor did they influence the
distance migrated by the foremost boundary, Figs. 7 and 8 below are graphical i:epre-

sentations of Experiment 1 in Table II, while Figs, 9 and 10 illustrate Experiment 5.

-
/

2 NASISO X Sampla (B) 10 4

1 |- / 28 volls, 2.0 mA

L = 20mM TRIS-HCI, pH 7.2, B mip
/ T =380mM TRIS-Qly, gH 8.5, § mia

-/ LY | y 1 U] A [ Ao d ) ] V [
2 4 6 8 1012 14 16 18 20 22 24
tirne - minutes

migration distance - cms

Fig. 7. Isotachophoresis of a hemoglobin-ferritin-ampholine mixture on agarose gel
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The experiment was conducted at constant voltage, and the graph shows a curved
Yine, indicating that the electrophoretic velocity of fervitin, in this experiment did net
decrease at a constant rate. This is borne out in.Fi g. 8, where the electrophoretic
velocity of the foremost band, ferritin, was plotted against distance of migration, The

graph shows a tendency to approach a constant vajue.
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! _'_E_") l W
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t * .
f Fam. g,
1 2

migration distznee ~ cms

Fig. 8. Velocity of a separated ferritin part
during isotachophoresis of a hemoglobin-
ferritin-ampholine mixture on agarose gel

By contrast, Fig. 9, iﬁ which the migration distance of ferritin alone was plotted
against time, shows a curve considerably straighter than the curve in Fig. 7, while Fig. 9,
depicting fhe electrophoretic velocity of ferritin alone as a function of migration distance,
is eésentially a straight line, Thus these two graph-s indicate that in the absence of other
proteins and ampholines, the elecirophoretic velocity of ferritin-dccreases at a constant

rate during constant current isotachophoresis.
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Fig. 10, Velocity of ferritin front during isotachophoresis of ferritin on agarose gel
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(¢} Ampholine Concentration, The Canalco Disc Electrophoresis apparatus was used

to investigate the optimum choice and concentration of spacer molecules. Since 12 sep-

“arations can be run simultaneously in this unit, a very large number of experiments,
many in triplicate, were carried out, ~ All experiments utilized 20 mM Tris-HCI pH 7.2
and 380 mM Tris—glycine pH 8.3 as leader and termiﬁamr respectively,

Samples in(.:luded mixtures in varying proportions of a) hemoglobin, ferritin and
spacer, b) hemoglobin, ferrxitin, albumin, and spacer.and ¢} hemoglobin, ferritin,
albumin, amido hlack and spacer,

The quality of separation was judged by three criteria, namely:

1. length of spacing between bands.

2, color of the space

3. sharpness of front and rear boundaries,
We also tried wilizing 2gamma calf serum @5 spacer hoping that its colorless protein
molecules may provide ;a better aiternative to the known shorteomings of ampholine,

- Little ox no separation was observed, The runs Weré characterized by gross discolora-
tions and distortions of migrating zones, with no formation of discrete front and. rear
boundaries, On the basis of these results forther investijation of agamma calf serum
as a spacer for the Skylab experiment was abandoned;

Similaxly, those runs utilizing ampholine fractioms‘of limited pH range, derived
from isociectric focusing of pH range 3-10 f_’ampholiige were unsatisfactory since repro-
ducible separations of sample mixtures were not achieved. In additién, the uncertainty

of the ampholyte and sucrose concentrations in these fractions was considered a disadvan-

rage.
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The results of using Ampholine pH range 5-7 were indistinguishable from those
obtained using pH range 53-8 Ampholine, and it was felt that since carlier successful
studies of isotachophoresis in gels in this laboi‘atory had utilized the latter., there was
little justification in changing to the narrower range Ampholines,

The results of one series of experiments in this group are tabulated in Table III.
The proteins are easily recognizable, as the amido-black stained albumin gave a blue
coloration, ferriting brown, and h61nog10bin red, alh;umin being the fastest and hemo-
globin slowest component. In the last column of the Table we list the observed spacings
between the separated protein bhands, It can be seen that this spacing is clearly a fun(I:—
tion of ampholine added. An excess of ampholine, however, delays separation, or, in

sti}l higher concentration, completely blurs it.

TABLE 11
Inter-protein
Tube No, Sample Ampholine band spacing {(mm)
1 (200, 1 10, 1 0.5
2 stained 20,1 0.9
3 albumin) 30y, 1 1.7
4 (100, 1 stained 10,1 0.4
S alb.+ 100, 1 20,1 6.9
6 ferritin) 30, 1 1.5
7 (100,,1 stained 10,1 0.4
8 alb.+ 100, 1 20, 1 0.8
2 hemoglobin) 30,1 1.3
10 (100, 1 ferritin 10, 1 0.5
11 + 100,1 20,1 1.0
12 hemoglobin) 30,1 2,0

(d) Sample Dilution, The effects of premixing the sample with leader, terminator, or

water were investigated; it was found that although dilution of the sample with either leader or
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terminator led to faster scparation initjally, it led ultimately to coloration of the Arhpho-
line space and the region of the gel behind the hemoglobin band, Premixing with water
did not give this effect,

(¢) Sample Composition, The final series of experiments consisted of 25 runs in the

first prototype of the CPMD module. 20 mM Tris HCL pH 7.2 and 380 mM Tris-glycine
pH 8.3 were used as leader and terminator respectively, Twelve runs were carried out
‘on a 0.5% w/v agarose gel in leader; the last thirteen utilized the large pore polyalcryla—'
mide gel, The objective of these experiments was to formu]z;te final sample composition
for inclusion in the Skylab CPMI}. Thus varying proportions of ferritin, hemoglobin and
Ampholine, diluted with water, leadcr, or terminator, were rumn, in order to détermine
which systern resulted in clear sharp houndazy separation with goond spacing,

Doming of the reax boundaxry {hemoglobin} occurred in el agurose runs, while none
was observed inPolyacrylamide gels, Separation of the two colored proteins was achieved
in all twenty-five runs, the length of the Ampholine space hﬁ-:'jng roughly proportional to
the volume of spacer in the sample. Addition of fﬁf‘:::tiolafe, 0%, as preservative, did
‘not alter the patterns,

The results indicated that ferritin and hemoglobin bands were equal in thickn.ess
after 15 minutes of isotachophoresis if the volume of hemoglobin originally in the sample
was half that of the ferritin. Furthermore, an Ampholine Spaée of 2 mm in length was
obtained if the ratio of total protein velume to Ampholine volume wae 10:1,

- (I} Zone Electrophoresis of the Sample. Current reversal in all twenty-five experimemts

gave similar results; immediate loss of sharpness in all houndaries, followed by con-
traction of the Ampholine space. Within four minutes, hemoglobin and ferritin bands

coalesced, and then travelled as one broad diffuse zone towards the terminator vessel,
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Zone electrophoretic separation of the two proteins was not observed in any of these
current reversal experiments;

3.Discussion

On the basis of these results, a sample solution containing the following volumes of
constituents was prepared for the Skylab CPMD

1, 10 mls fexrritin, 9%

2. 5 mbs human hemoglobin, 7%

3. 24 mls distilled water

4. 1.5 mls Ampholine, pH range 5-8

5. 0.5 mils 1% mexthiclate as bacteriostat

The solution was stored at 4°C until shipment to MSFC and there sterile filiered
by passage through a 0,22 micron filter and degassed,

The initial selection of Tris~[ICl and Tris-glycine as leader and terminator, respec-
tively, was based on the published disc electrophoxesis studies of Ornstein and Davis
( 1), which utilized an isotachophoretic stacking'and concentration step prior to zonal
seperation in a sieving gel, Leader concentrations were not investigated, 20 mM Tris-
HCl at pH 7.2 being used- tl]foughout the experimental series, for the following réasons.

The Kohlrausch Regulating Function predicts that sample concentration in an iso-
tachophoretically migrating zone is directly proportional to le.ader concentration; fox
the purposes of the Skylab IV photographic analysis, it was desirabllerthat the separated
zones be relatively concentrated to provide a high contrast image. However, increased
leader concentrations result in increased Joule heating of the cell contents on account
of the lower resistance of the leader - this was considered undesirable, Preliminary

experiments using leader conecentrations ranging from 60 mM to 10 mM had indicated
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that photographic definition and Joule heating were optimal ar 20 mM Tris-HCl,

The results tabulated in Table I indicated that maximum migration of the ferritin
front in 15 minutes was achieved using a 380 ﬁlM Tris-glycine terminating buffer of
pH 8.3, although the Kohlrausch cancentration of the terminator for this jecader sy‘stem
is less than 20 mM. In the yegion immediately hehind the migrating zones, the termi-
natoyr concentration is indeed dictated by the Kohlrausch repulating function; the
increased nﬁigration using terminator concentrations far in cxcess of this regulated
concentration was attributed to the higher potential gradient across rhe cell result-
ing from the high conductivity of buffer in the terminator vessel,

With the exception of one ancmalous result { Exp. No. 9) Table I als‘o showed
the iaci: of dependence of migration clistance.on leader and terminator volumes; this
finding was coryeborated hy the r@s:;ﬁf.it:.ﬂ: shown in Tabie 1i, and dispellad remaining
doubts that the huffer compartment volumes of the proposed CPMD unit were too small.

The graphs showing migration distances c?ﬂf fexrritin &s a function of time, and its
veloeity as a function of migration distance cast an i.ﬁterestiug iight on the infiuence of
axﬁlwpholines on isotachophoretic processes, Sinrcc 1’hesé experiments were conducted
at constant voltage (the Skylab CPMD utilizes a constant 28 volts power supply) the electro- |
phoretic velocity of ferritin decreased throughout the experiments'as the current dropped,
isétachopho_résis at constant cur:'enf would result in constant veloéity fhroughout the
duration of the run. We were able to show that l:hc-é electropheretic velocity of ferritin,
in the absence of other proteins or ampholines, d_ecrreased at a constant réte’, and that
in the ﬁresence of hemoglobin and ampholire, the observeld electrophoretic velocit)’,‘r of
ferritin did not decrease at a constant rate, but tended to zippro.ﬁch @ constant value
This modification of the electrophoretic velocity may -Unde'rline the hasic unsuitability
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of ampholine chemicals as sp.acer ions in isotachophoresis, Ideally spacer molecules
should possess a single known mobility; ampholines are known to consist of molecules
exhibiting a large range of mobilities, and isotachophoretic resolution of such a mix-
ture takes longer than the resolution of a single species of molecule,

The laclk of sharp separation in those experiments utilizing agamma calf sexrum
as a source of spacer molecules was similarly attributed to the number of molecular
species of differing mobility in the serum, and the excessive time req qired for com-
plete resolution of such a mixture, Furthermore, it 'is most probable that the mobility
spectrum of agamma calf serum components includes the fnobilities of both hemoglobin
and ferritin, leading to the foxrmation of mixed fronts, with a characteristic loss of
definition.

No provisions were made in the design of the Skylab CPMD unit to minimize
electroosmotic effects arising during electrophoresis, as an important objective of
tt_he épace experiment was to asseSs‘ the exact conf;ibution of electroosmosis to boundary
shapes in isotachophoresis. This information is impossible fo obtain in earthbound ex-
periments, where stabilization against gravits-r effects also modifies the electroosmatic

behavior of the system.
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-5-
PRE-FLIGHT RED CELL EXPERIMENTS

The choice of red blood cells for the Skylal experiment was motivated by the
following consideration; a) tﬁcir intense color; b) their longevity, blood being commonly
preserved for 28 days for transfusion, ¢) their ready availability, and, d) their well
known eiectro_phoretic properties. Survival of the cells was of paramount importance,
and our first task was to determine the conditions of their preparation consonant with
maximum survival, Two c;pposite viewpoilnts had to’be reconciled. On the one }*{and,
from a purist point of view, one would want to have fo‘r isotachophoresis as simple a
system as possible, i.e , a single ionic species, the red cells in this case, with a
counterion common to that of the leadex ( in oux case HCl.-Tris )}, On the other hand,
it iz well eétablished in blood~banking practice that opti.mﬁfn survival of red cells is
obtained in acid sodium 4:it:ca§:c, Choeosing this preparation as our sample would have
- implied overioading the already large n,umher of jonic species present in blood with
additional amounts of added salts,

We also had to decide on the bloed species, human and sheep red cells being the
- obvious alternatives, Both are known for their stability, and are readily available,
We decided on human cells mainly because their collection could be delayed till the last
minute, i.e., the filling of the Skylab module in the high altitude chambher in Huntsville,
a few days before launch. Mr. Smoelka was the voluhteeﬂng donor of all human blood
| Célls used in pre-flight experiments, and he also wenfto Huntsville to assume the
rc_:éponsibility for final loading of the apparatus, where his last blood sample was drawn.

Our first experiments were therefore designed to assess the survival of red cells
in different preparations, Various alternatives were tried: (a) whole blood - defibrinzdted
by means of shaking the blood with glass beads., This avoids the necessity of adding any
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extrancous jonic species to blood, (b) citrated whoie blocd, using the usual blood
banking procedures, {(c) washed red cells suspended in 5% human serum albumin,

in presence of sufficient glucose to render it isotonic, as determined by direct osmo- -
metry. We thought that the presence of albumin may render the medium more similar
to whole blood, yet eliminate blood's multitude of ionic_ components, {d) washed red
cells suspepded in a variety of the usual tissue c_:ultlure media, (e) washed red cells
suspended in isotonic glucose,

In addition, we explored the effect of addition of various bacteriostatic agents
on blood survival, though every effort was made to draw and handle all aspects of blood
preparation in stexile manner, The following agents were tried: merthiolate, sodiuﬁq
azide, penicillin-streptomycin mixture and gentamycin, These were all added in their
appropriate concentrations to samples of whole defibrinated blood.

To assess survival of blood, aliquots of it were taken in 2 ml syringes, and
these were hermetically sealed, with absolute exclusion of any air. Because of shortage
of time available, cell survival was assessed at roém temperature, rather than refri-
gerated, though the Skylab samples were supposed to be kept cold. ( As it happened,
this did not materialize on the Skylab ). The samples were examined at various time
periods for the next two weeks for visual hemolysis, or liberation of gas bubbles,

The results were most conclusive, All blood specimAens except citrated or de-
clotted whole blood became soon heavily hemolyzed, This also happened to the whole
blood stored with merthiolate or sodium azide. The presence of the latter agent also
caused liberation of gas bubbles in the syringes, presumably because of the catalytic
decomposition of the azide ion in presence of sulfhydf;}l groups of proteins,_ resulting
inliberation of nitrogen gas, Whole blood appeared comparable to citrated bleod, and
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gentamycin was chosen over the penicillin-streptomycin combination because of its
own greater stability and widespread use in tissue culture, The final decision was
therefore to use whole blood, defibrinated by means of shaking with glass beads, and’
stabilized by addition of gentamycin.

This implicd, of course, that the purist view of isctachophoresis had to be
abandoned, Blood is a complex mixture with many ‘ionic species, both proteins and
small molecular weight components. Thus, the best that could have been expected is
the formation of multiple ionic mixed steps between the red cells and the other ionic
species,

1. Material and Methods

(a) Sampléf : Human and sheep red blood celis were used exclusively in this series
of experiments, The human bloed was defibrinated immediately after collection by
shaking with glass beads, and thercafter storgd at 4°C. Sheep blood was collc—:lcted in
acid—c:‘-.trate--dextmse and stored similarly, The red blood cell wrorkiﬂg solutions were
prepared just prior to usage, and consisted of whole deﬁbxiuated blood, aged whole
blood, and wash;ad red blood cells resuspended in 5%" dextrose. All blood handling was
carried out in aseptic manner, and the defibrinated blood was filtered through a fine
screen stainless steel mesh, to eliminate micro-clots,

(b) Buffers. The leading electrolyte was 20 mM Tris-HCl, pH 7.5, with 5% dextrose
f;)r 'isotonicifyr. Since the expel*iments were by frontal ana]ir'sés 1ed Blood 'cell sus-
pensions were used as the terminator.

(¢) Recording of Results, The speed of migration of fronts was measured using 4

millimeter scale attached to the exterior of thé separation channels in conjunction with
a stop-watch. Initial and isotachophoretically modified red cell concentrations were
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estimated by heﬁatocrit measurements of the sampl_e before and after migration,

i.e., after adjustment to its Kohlrausch regulated concentration, Qualitative assess-
ment of the experiments was performed by visual examination of migrating fronts in

the course of a run, and by photography. The results were expressed in graphical |
form, as functions of migration distance versus time, and current versus distance.

(d) Apparatus, Two cells Were. used in the presént experiments,

(i) Prototype Skylab medule, described in detail .in an earlier section of this paper,

( Flight Proposal ). Blood was loaded in the terminator compartment with leader in

the gate, observation channel and leader electrode compartment. Keeping the apparatus
vertical, red cells down, the closing of the gate permitted the formation of sharp

initial boundaries,

(ii) Autogenic density gradient apparatus, illustrated in Fig. 11. The mode of operation
of this apparatus was as follows, The closed .leader vessel was filled with leading buffer,
and the open end of the plexiglass column submerged to 2 depth of 1 mm in -the sample
solution, contained in the open terminator vessel.‘ The leading buffer was retained in

* the upper vessel by atmospheric pressure; in this way a sharp initial interface could

be obtained between leader and sample,

2, Results, It is important to emphasize the objectives of the Skylab experiment, which

was mainly the confirmation that red cells will move isotéchophoretically, and the shape
of the leader-red cells interface, The rate of migration in isotachophoresis is of little
consequence, ‘as it is the essence of the process that all ionic species in the sample
move with the same rate as the leader ions., Thus, differences in mobility between
different preparations of red cells do not reflect ch.e.n.ges in electrophoretic properties

of the red cells, but only changes in the overall distribution of electric field. As the
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Fig.ll. Autogenic density gradient
isotachophoresis appararus
Key: (a) Anode conneetor
{b) Silver mesh anode
(c) Closed leader vessel
(d) 1/4" 1.D, Plexiglas column
(¢} Open lerminater-sample vessel
() Silver/silver chloride mesh cathode
(g) Cathode connector
(h) Millimeter scale

leader was constant, and the cells were suspended in media of different overall conductivity,

changes in migration rates only reflected the proportional change of voltage drop across

the red cell zone,
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Flg 12. Separation of red cells from amido
black stain in rotating capillary isotachophoresis,

The fact that red cells migrate isotachophoretically and can be separated from other
constituents was already established in our previous work. We may refer to the photograph
of Fig. 7, of separated human-sheep red cells in ficoll gradients in the previous section,

( D-3). Additional evidence was obtained by means of the rotating capillary tubes. In
Fig. 12, we show the photograph of a red cell zone separated from a dye, amido black,

in such a rotating capillary. Many additional such runé have been carried out. They bore
little resemblance, however, to the planned Skylab experiment involviﬁg frontal analysis
only, We wish to report at this time therefore, only the results obtained by frontal analysis,
using the Skylab module, and its analogue, just described, While we have carried out a
great many such runs, for sake of clarity, we shall report only a limited number of repre-

sentative samples,
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(a) Frontal Separations of Human Blood.

Three mls of defibrinated whole human blood were used as the terminator in the open
vessel of the autogenic density gradient isotachophoresis apparatus, ( Fig. 11). The
leading electrolyte was 20 mM Tris-HCL, pH 7.5. The potential difference was 28 volts,
and the run was terminated after 32 minutes.

Immediately upon the application of the electrical field, it was possible to detect
changes in the appearance of the rising blood column. While there was no change in colora-
tion of the cell mass below its original level, the advancing, migrating mass was a distinctly
different shade of red. This was interpreted as evidence of readjustment of the red cell
concentration according to the requirements of the Kohlrausch regulation ( in mixed steps,

of course ). A photograph of such a separation is shown in Fig, 13,

Fig. 13. Frontal analysis of human blood
in the autogenic density gradient apparatus,
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z.%, free

'Fig.rrlén._' Hematocnt tubes shovvmg ad_;ustment
of red cell concentration following frontal analysis,

It should be emphasized that visually, the line of demarcation, was much clearer.
‘The readjustment of concentration could be directly proven, by ;caking a capillary hemato-
crit of the .original sample, and of the advancing column, The hematocrit values were
- 48,5% for original sample, and only 6,49, for the sample withdrawn, A photograph of the
two hematocrit capillaries is shown in Fig. 14, One will also notice that there was separation
of red cells from hemoglobin, The original sample was heavily hemolyzed, while the sample
v&itﬁdrawn from the advancing column was hemoglobin free, The sha'rpness visually observed
of tl_le color difference between sample and advancing column at the level of the initial blood-
leader interface is taken as evidence that the difference irn hematocrit values is due, indeed,
to Kohlrausch regulation, rather than to sedimentation only. The values of 6.4% should not

be taken as an exact value of Kohlrausch adjusted red cells. Frontal analysis results in a
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Fig.5 . Defibrinated human blood frontal
analysis in ertogenie density gredient,
{2} Distance migrated vs time, (b) Distance
migrated vs current, constant voltuge (30
voLts ) s ¥ denotes voltege readjustment.
formation of a series of mixed steps, and therefore one could expect the formation of a
series of different concentration steps along the vertical axis.
The dzta can be also plotted in texms of migration times versus distance, as shown in
Fig, 15. The figure also shows corresponding variation in current.
(b) A similar run was carried out, using defibrinated whole human biood diluted 1:1 with
5% dextrose as terminator-sample. The run-time, and distance-time graph was similar
to the previcus experiment, as shown in Fig. 16,
The initial hematocrit was 18%, and the column hematocrit was 8.6%. Repetitions of
these two experiments showed a consistent column hematocrit value in the region of 7%,

The identity of column hematocrits for substantially different initial hematocrits, seem

to be additional evidence of a Kolﬂrausch-typé regulation, This confirms that cells not only
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exhibit the sharp interfaces characteristic of isotachophoresis, but also appear to obey its

concentration laws.,

(c) Frontal Analysis of Aged Human RBC

(i) In order to predict possible behavior of RBC in the preloaded Skylab -experiment, two
‘mls of defibrinated whole human blood ( containing gentamycin as preservative }, stored at
room temperature for 2 weeks, was used as the terminator-sample in the autogenic density
gradient apparatu's. The leader wa‘s 20 mM Tris-HCl, pH 7.5, and the potential was 30 volts.
The initial hematocrit and current were 40% and 4.2 mA re&'.peétively, and anal ysis was
continued for 34 minutes, Three interfaces were observed. The first compartment, adjacent
to the leader, was very dilute, and showed convective tendencies at the walls of the channel,

The intermediate compartment was pale, and the lower one considerably darker.
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tant 20 volis, in Skylaeb proiotype celi.

(if) The Skylab provotype module was prefilled with a simnilar sample, and storved for rwo

days at 4°C Following resuspension of the cells by shaking, the sample was run at 30 volts,

at 2,5 mA, The results are shown graphically in Tig. 17,

The interface was less sharp than those observed with fresh blood. The initial hemato-

‘crit was 38%, and showed considerable hemolysis, while the hematocrit of the first com-

partment was 2,4%, with no evidence of hemolytic hemoglobin. Clearly, aftex

storage there are still surviving red cells, evidence of hemolysis, and separation of cells

from hemoglobin,
(d) Numerous sheep red blood cell runs were carried out in 2 manner essentially similar

with those reported here for human cells, No significant differences berween sheep and human

cells were observed. We therefore report only a summary table showing some of the hemato-

{ Tahle 1V},
-47

crit values olained with both kind of cells.
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TABLE IV

Hematocrit Values in Frontal Analysis

Blood Type Suspension Hematocrits of Column
Initial Sample cpt
Human male 1:]1 dextrose 18 8.6
Human male ‘undiluted : 5 ' 6.3
Human male . undiluted " 49 6.4
Human male more than 1:1 diluted 27 6.4
, Sheei) ACD-citrated, dilute 9.8 2.9
Sheep dextrose diluted 2.9 2.9
Human male aged with gentomycin, '88 2.4
undiluted

(e) Temperature cycle testing for leaks, The prototype Skylab modulel was filled with
leader, and a sample of sheep red blood cells in acid-citrate-dextrose Was injected into

the terminator compartment containing the teflon coated brass stirring ring, The module
was stored at 4°C for three days. Subsequent examination showed no evidence of external
leaking, although several bubbles were observed in the terminator vessel, and the éxpansion
diaphragm was distended, The stirrer operated satisfactorily.

3. General Conclusions

1} Autogenic density gradient methods are applicable to a very re’sti"icted range of
separations of cells from other substances, as compartments must be in proper density
order,

2) Rotation in wide tubes, and at low mobility differences, with high density differences

gives rise to disruptive behaviour, under the conditions tested,
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3) The autogenic density gradienf method was satisfactory in most cases for a single
blood cell~leader interface, in the presence of gravity stabilisation, which exceeded
thermal convection.

4)- The interfaces thus formed were sharp, except for the aged blood run,

oy Results of'rstora;ge tests and the anticipated ageing of the bleod meant that the blood-
gentomycin run was the only choice,

6) Leak tests were satisfactory, as far as they went, in spite of many doubts raised by
Hinckley on the engineering of seals, which could not iae accommodated in the available

- lead-time,

7) Theory of frontal isotachophoresis disfavours use of whole blood with its multiplicity
of mixed co.mpartmellts, and weakly restrained interfaces, due to the presence of many
cuions mere and less mobile than cells,

) The lact resexrvation gains strength in view of the behaviour of aged blood in the
p::esénce of sravitationzl stabilisation, and the lovr { 28 volts ) potertial gradient available,
9) Rumns werc nonctheless sufficiently encouraging to show that heve was a géod pessibility
of leaﬁniﬁg something of the behaviour of isotachophm.fesis of cells in Skylab., The main
information sought was the shape of the blood—leadef interface, when free fr;m gravity

constraints,
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SECTION F

- CONCLUSIONS

Theoretical and experimental analysis of various modes of electrophoresis have
indicated that isotachophoresis is an attractive prospect for Spacé electrophoresis, It
has numerous apparent advantageé over zonal modes, and these have been elaborated upon
in the preceeding reports. Theoretical and engineering analysis has focused on the special
properties of isotachophoretic boundaries, and has resulted in signficant advancement of
ous understanding of this intriguing technique. Most important work which remains ro -be
carried out is a tri~dimensional analysis of the staru_c;tur,e of ionic interfaces, which is now
in progress, When compleﬁed, it should result in a major contribution to the field. The
engineering caleulations of temnperature gradients in isotachophoresis are essential for
any careful planning of large scale electrophoresis, ."l‘hf-:y zpply equally well to zone electro-~
phomretic methods, and fill a real need in electrophoresis.

The main contribution of the experimental program was the demonstration that living
cells can be separated by isotachophoresis, Earthbound experiments on cell separation
face overwhelming problems due to gravity, and this is why the Skylab experiment was
particulerly imp.xortant. Unfortunately, it was less than completely succeésful. it con-
firmed the sharpness of isotacliophoretic boundaries of cells, but the exact shape of the
boundary remains equivocal. It is hoped that some of the difficulties which have plagﬁed
this experiment will be overcome in the preselﬁtly planned experiment for the Apolio-Soyuz

experimental program,
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1;“11turc: work towards the design of a space facility for electrophoresis has to center
on the solution of the technical problems of handling fluids in zero gravity, including the
introdu‘ction of the sample, and withdrawal of the separated fractions. Novel approaches
have been taken in this direction since the completion of last year's work, and will be
included in the- next report. Equally important for cell. separation is the exploration of
optimal. buffer systems for isotachophoresis. This probiem is complicated by the failure
to achieve good enough palliative measures to overcome the effects of gravity here on
carth, 'This failure, while disheartening for earth-bound work, only points out the impo;-

tance of Nasa's efforts towards the development of the space facility.
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